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1
ADAPTATION TO CHANGING ENVIRONMENTS
Environmental change is ubiquitous and ranges from recurrent events such as seasonal 
changes, small-scale changes like patchy nutrient availability to large-scale changes like 
global warming. In order to maximize their fitness and survival plants have to adapt or 
acclimate to these environmental changes by adjusting their morphology, physiology and 
phenology. There are several evolutionary mechanisms for adaptation and acclimation, 
such as genetically based adaptation shaped by natural selection and environmental 
induced phenotypic plasticity where a genotype changes its phenotype as a response to 
environmental cues (Sultan 2000, Merilä and Crnokrak 2001, Pigliucci 2005, Visser 2008). 
Where the capacity to exhibit phenotypic plasticity is a form of adaptation, the phenotypic 
response itself is a physiological acclimation (Whitehead 2012). Specific traits between 
genotypes respond more plastic than others, indicating that there is genetic variation for 
plasticity (Stratton 1994, 1995, Fischer et al. 2000, Smekens and van Tienderen 2001). It is 
often unclear to what extent within-population shifts in phenotypic variation are caused by 
changes in genetic variation, phenotypic plasticity or a combination of both (Visser 2008, 
Merilä and Hendry 2014). 
In addition to the influence of the current environment on the phenotype of a plant, the 
environment experienced by its direct ancestors can influence a plants’ phenotype as well. 
This plasticity, which happens across generations, has been observed after parental plants 
were exposed to specific environments (Agrawal et al. 1999a, Van Dam and Baldwin 2001, 
Galloway and Etterson 2007, Holeski 2007, Latzel et al. 2014, Dechaine et al. 2015), but also 
in response to grandparental environmental exposure (Whittle et al. 2009, Herman et al. 
2012, Luna et al. 2012, Rasmann et al. 2012, Suter and Widmer 2013a, b). 
PARENTAL EFFECTS
Parental effects refer to changes in phenotypic traits when the environment experienced 
by the parents influences phenotypic traits in their direct offspring (Roach and Wulff 1987, 
Herman and Sultan 2011). Parental effects are common and are well documented in both 
plants and animals (Roach and Wulff 1987, Mousseau and Fox 1998, Räsänen and Kruuk 
2007, Badyaev and Uller 2009, Herman and Sultan 2011). Parental effects can influence 
offspring traits not only during early life stages but also throughout the entire life cycle 
(Galloway and Etterson 2007, Herman et al. 2012, Latzel et al. 2014). When the phenotypic 
differences induced by a specific environment experienced by parental plants leads to 
increased offspring fitness in a similar environment, the parental effects can be considered 
adaptive (Herman and Sultan 2011). Parental effects can influence plant life cycles and 
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population growth rates and thus strongly influence population dynamics (Donohue 2009). 
Environmentally induced parental effects can pre-adapt offspring to environmental stresses 
experienced by its parents, and can increase the likelihood that populations can maintain or 
establish themselves in variable or stressful habitats (Herman and Sultan 2011). In contrast 
to random genetic mutations that need to be shaped by selection to produce adaptive 
phenotypes, environmentally induced parental effects may provide instantaneous (but 
transient) adaptive heritable variation in response to specific environmental conditions. And 
contrary to phenotypes arising through mutations, which are present in only a few offspring, 
parental effects can induce the same adaptive phenotype in numerous offspring individuals 
at the same time (Jablonka and Raz 2009, Herman and Sultan 2011). So by means of parental 
effects populations can undergo phenotypic changes that increase offspring survival and 
fitness in de absence of DNA sequence variation, thus increasing the evolutionary potential 
of species (Bossdorf et al. 2008)
There is ample evidence for adaptive parental effects (Agrawal et al. 1999a, Galloway 
2005, Galloway and Etterson 2007, Sultan et al. 2009, Uller and Pen 2011, Herman et al. 
2012, Latzel et al. 2014). For instance parental light environment was found to influence the 
expression of offspring traits in the herb Campanula americana, where offspring fitness was 
increased when plants were grown in an environment similar to their maternal environment 
(Galloway 2005, Galloway and Etterson 2007). Nevertheless non-adaptive parental effects 
are found as well, when parental effects decrease offspring fitness and performance (Roach 
and Wulff 1987, Marshall and Uller 2007, Räsänen and Kruuk 2007, Sultan et al. 2009, 
Bonduriansky et al. 2012). 
Parental effects can be considered as a form of phenotypic plasticity that goes beyond 
generation boundaries. The conditions for parental effects to be adaptive overlap with the 
conditions that need to be met for phenotypic plasticity to be adaptive (Marshall and Uller 
2007, Uller 2008). In order for adaptive parental effects to evolve there are some conditions 
that must be met (Galloway 2005, Uller 2008, Uller and Pen 2011, Herman et al. 2014). 
First, environments have to be heterogeneous, where for instance different environmental 
characteristics within the area are unevenly distributed, and whereby these environmental 
conditions can change between generations. Second, the parental environment should be 
correlated with the environment of its offspring. When the parental environment has no 
correlation to the offspring environment parents cannot prepare their progeny for similar 
environmental conditions and then parental effects may have a negative effect on progeny 
fitness. If the environment is unpredictable other mechanisms like bet hedging might be 
more beneficial than phenotypic effects driven by the parental environment (Simons 2011). 
Third, the parental effect should enhance offspring fitness without high fitness costs for the 
parental generation. 
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1
Studies on parental environmental effects usually focus only on the maternal 
environmental effect (Roach and Wulff 1987, Agrawal 2001, Herman and Sultan 2011, 
Latzel et al. 2014, Dechaine et al. 2015). Because seeds develop on the maternal plant, the 
maternal plant determines the provisions for the offspring. Also approximately two thirds of 
the genetic material and all the cytoplasmic DNA in the endosperm are of maternal origin 
(Galloway 2001a). Therefore it is often assumed that maternal environmental effects are 
stronger than paternal environmental effects, which are only prezygotic (Galloway 2005, 
Hereford and Moriuchi 2005, Bischoff and Müller-Schärer 2010). Also the environmental 
information that fathers might contribute to the offspring is assumed to be less important 
than information from the mother, especially if there is high pollen dispersal (Galloway 2005, 
English et al. 2015). This is because there is a potential mismatch between the father’s local 
environment and the appropriate environment for the offspring. When pollen disperses 
across or between populations, the chance that both parents share similar environments 
decreases (Galloway 2005). However, despite the possibility that pollen can disperse further 
than seeds it is not unlikely, for instance due to the behaviour of pollinators, that the father 
is in close proximity to the mother plant (Barrett and Harder 1996, Barrett 1998, Fisogni 
et al. 2011). And while studies have shown that maternal effects have a stronger influence 
on offspring phenotype than paternal effects, there are several studies that show that 
paternal effects may influence offspring phenotype as well (Schmid and Dolt 1994, Case et 
al. 1996, Lacey 1996, Lacey and Herr 2000, Galloway 2001b, a, Etterson and Galloway 2002). 
If paternal effects can influence offspring traits, possibly in combination with maternal 
effects, than they can also contribute to adaptive responses and influence population 
dynamics (Etterson and Galloway 2002, Crean and Bonduriansky 2014). For instance the 
paternal environment is shown to influence pollen quality (Agrawal et al. 1999b, Galloway 
2001a, Etterson and Galloway 2002). Another example is Campanula americana where both 
maternal and paternal environments influenced seed characteristics, with the combination 
of the nutrient and light environments of both parents determining offspring phenotype 
(Galloway 2001a). 
TRANSGENERATIONAL OR (GREAT) GRANDPARENTAL EFFECTS
In addition to parental effects, which are the effects of parents on the phenotype of their 
direct offspring, an increasing number of studies show that environmentally induced 
effects can persist for multiple offspring generations, where the environment experienced 
by grandparents or even earlier generations still affect offspring phenotype. These multi-
generational environment-induced effects (i.e. transgenerational effects) have different 
evolutionary implications than parental effects and there has been a growing interest in 
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them. While the advantage of parental prediction of the environment of its progeny is 
easy to imagine, the advantage of grandparental environmental prediction is more difficult 
(Herman et al. 2014, Leimar and McNamara 2015), because it is unlikely that grandparents 
are able to predict the environment of the offspring more accurately than the parents, and 
this increases the possibility that grandparental effects have a negative influence on offspring 
fitness (Herman et al. 2014). Despite these conceptual issues environmental induced 
multi-generational effects have been reported for several plant (e.g. Arabidopsis thaliana, 
Plantago lanceolata and Polygonum persicaria) and animal species (e.g., Caenorhabditis 
elegans, Folsomia candida and Mus musculus) and for both biotic and abiotic factors (Case 
et al. 1996, Whittle et al. 2009, Boyko et al. 2010b, Remy 2010, Hafer et al. 2011, Herman 
et al. 2012, Luna et al. 2012, Suter and Widmer 2013a, b, Dias and Ressler 2014). In most 
of these studies these multi-generational effects were considered as adaptive. For instance 
a study on A. thaliana showed that after plants were exposed to herbivores, both parental 
(G1) and grandparental (G2) offspring showed increased resistance to herbivores (Rasmann 
et al. 2012). Similar results were found when A. thaliana plants were exposed to a pathogen, 
where grandparental progeny were more resistant to the same pathogen (Luna et al. 2012). 
In both these studies only the grandparental plants were exposed to the stressor, and 
progeny was grown under control conditions (Luna et al. 2012, Rasmann et al. 2012). For 
abiotic stresses adaptive multi-generational effects were found for drought, heat and salt 
stress and generally progeny from exposed grandparents performed better than progeny 
from non-exposed grandparents when they were grown under a similar stress-environment 
(Whittle et al. 2009, Herman et al. 2012, Suter and Widmer 2013a). Where in the experiment 
by Whittle and others (2009) two consecutive generations of A. thaliana were grown under 
either control conditions or increased temperature, the third generation was grown only 
under control conditions (i.e. a “reset” generation) and the fourth generation was grown 
under both control and increased temperatures (Whittle et al. 2009). Herman and others 
(2012) grew P. persicaria in four ancestral combination; grandparent dry / parent dry, 
grandparental dry / parent moist, grandparental moist / parental dry and grandparental 
moist / parental moist. The combinations where grandparental and parental treatments 
were similar showed environmental induced transgenerational effects (Herman et al. 2012). 
In Suter and Widmer (2013a) three consecutive generations of A. thaliana were exposed 
to either heat or salt stress, and in the third generation crosses were performed between 
stress and control lines. The transgenerational effects were the strongest when both parents 
came from the same environment. Interestingly for heat-treated progeny transgenerational 
effects were only significant under control conditions, while for salt treated progeny 
transgenerational effects were only significant under stress (salt) conditions (Suter and 
Widmer 2013a). 
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1
Studies on ancestral induced environmental effects show that the number of exposed 
ancestral generations can have a significant effect on the expression of transgenerational 
effects (Remy 2010, Suter and Widmer 2013a). In the nematode C. elegans only multiple 
consecutive generations of exposure to an odour cue were found to induce stable 
transmission of odour receptiveness for more than 40 subsequent offspring generations 
(Remy 2010). For increased odour receptiveness in more than a single offspring generation 
at least five consecutive generations had to be exposed to the odour cue. And when fewer 
than five consecutive generations were exposed the increased receptiveness was only 
inherited for a single offspring generation (Remy 2010). Comparable results were found for 
A. thaliana when only after three consecutive generations of heat stress offspring expressed 
a different phenotype than offspring from control plants (Suter and Widmer 2013a). These 
findings suggest that transgenerational effects may be enhanced by the exposure of multiple 
consecutive generations to an environmental factor (Suter & Widmer, 2013a) and that 
environmental shifts, when stable over multiple generations, may lead to transgenerational 
effects (Furrow & Feldman, 2014). 
MECHANISMS OF TRANSGENERATIONAL EFFECTS
Often the underlying mechanisms of environmentally induced parental and transgenerational 
effects are unknown. There are several candidate mechanisms, including seed provisioning, 
seed hormone content or epigenetic gene expression modifications, which can operate 
independently or even in the absence of DNA variation (Herman and Sultan 2011). The field 
of epigenetics studies heritable changes in gene expression and function that are not based 
on changes in the DNA sequence (Bossdorf et al. 2008, Kilvitis et al. 2014, Foust et al. 2015). 
Epigenetic variation can potentially be inherited for several generations (Jablonka and Raz 
2009, Johannes et al. 2009, Hauser et al. 2011). In case of parental effects, maternal seed 
provisioning and seed hormone content are likely mechanisms (Roach and Wulff 1987). But 
parental effects can also be mediated by epigenetic variation (Holeski 2007, Bossdorf et 
al. 2008). For environmentally induced grandparental effects however, seed provisioning 
or influence on seed hormone content are unlikely mechanisms because effects persist 
over multiple unexposed generations. For grandparental (and earlier ancestral generations) 
effects epigenetic inheritance appears to be more likely. 
Maternal provisioning, differences in seed nutrients and secondary metabolites
Maternal effects that are expressed in the early life stages of offspring plants are generally 
expected to be mediated by maternal seed provisioning (Roach and Wulff 1987, Hereford 
and Moriuchi 2005). Maternal plants can allocate resources to developing seeds for example 
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by increasing seed size but also by improving seed quality, by increasing the amounts of 
nutrients to the endosperm, or by imparting different concentrations of hormones or 
other secondary metabolites (Hereford and Moriuchi 2005, Bischoff and Müller-Schärer 
2010). When parental plants are growing in relatively poor environments the investment 
in reproduction and offspring quality is often reduced, and is often rather a reflection of 
maternal stress than an adaptive parental effect (Galloway 1995, Sultan et al. 2009). 
A study on the maternal effects of herbivory showed that seeds from damaged plants 
had shifted their glucosinolate concentrations, but did not differ in nitrogen or carbon 
composition (Agrawal et al. 1999a). However, a follow up experiment did not show 
differences in glucosinolate concentrations in seedlings (Agrawal 2002). And while van Dam 
and Baldwin (2001) showed less N allocation to the seeds after induction with jasmonic 
acid, this did not lead to less seed production or a decrease in seed quality (Van Dam and 
Baldwin 2001). However, other studies on transgenerational-induced defenses did not show 
differences in seed mass or plant size in the offspring, but did find increased resistance to 
either herbivores or pathogens (Luna et al. 2012, Rasmann et al. 2012). The combination of 
these mixed results indicates that even if maternal provisioning mediates parental effects, 
the actual mechanisms are often not easy to identify. Parental effects based on maternal 
provisioning will diminish during the life cycle of the offspring, and thus maternal provision 
are not considered good explanations for parental effects that are observed throughout the 
offspring entire life cycle (Bischoff and Müller-Schärer 2010). 
Epigenetic mechanisms
As mentioned above, the field of epigenetics studies (heritable) changes in gene expression 
and function that are not based on changes in the DNA sequence (Bossdorf et al. 2008, 
Kilvitis et al. 2014, Foust et al. 2015). Epigenetic mechanisms include DNA methylation, 
histone modification and small RNAs and these mechanisms are not independent from each 
other but often operate together (Rapp and Wendel 2005, Bossdorf et al. 2008, Herman and 
Sultan 2011, Kilvitis et al. 2014). DNA methylation is the most-commonly studied mechanism 
in ecological epigenetics, and believed to be the most stable (Schrey et al. 2013). 
Several studies have shown that environmental stresses such as drought (Labra et al. 
2002, Boyko et al. 2010a), flooding (Boyko et al. 2010a), salt (Boyko et al. 2010a, Verhoeven 
et al. 2010, Sani et al. 2013), nutrient deficiency (Kou et al. 2011), (simulated) herbivory 
(Verhoeven et al. 2010, Scoville et al. 2011) and pathogen infection (Luna et al. 2012) 
can induce changes in DNA methylation. Some of these studies show that such induced 
changes in DNA methylation can be inherited to the next generation (Verhoeven et al. 2010, 
Bilichak et al. 2012, Luna et al. 2012). These mechanisms may thus potentially mediate 
transgenerational phenotypic effects.
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1
Studying the influence of epigenetic variation on phenotype is complicated by the 
covariance of genetic and epigenetic variation, which makes it difficult to attribute 
phenotypic differences to epigenetic rather than to genetic differences (Bossdorf et al. 
2008, Latzel et al. 2012, Zhang et al. 2013). This could be avoided by using species with little 
DNA sequence variation, like clonal (Richards et al. 2012) or apomictic species (Verhoeven 
et al. 2010) or by using epigenetic recombinant inbred lines (epiRILs) that are genetically 
nearly identical but at the epigenetic level highly variable (Johannes et al. 2009, Latzel et al. 
2012, Zhang et al. 2013). 
Molecular analysis of A. thaliana epiRILs showed that the epiRILs were epigenetically 
differentiated but also that a substantial part of these differences were inherited for at least 
eight generations without changes in DNA sequence (Johannes et al. 2009). Studies on these 
epiRIL lines have found significant phenotypic differences between lines, epigenetic variation 
in response to different environmental stresses, variation of plasticity among epiRILs, and 
important phenotypic differences between lines that are caused by methylation differences 
(Johannes et al. 2009, Latzel et al. 2012, Zhang et al. 2013, Cortijo et al. 2014). 
EpiRILs show that, in addition to environmentally induced changes in DNA methylation, 
random stochastic epigenetic mutations can influence phenotype and can be stably inherited 
for many subsequent generations. A large portion of the DNA methylation patterns in the 
epiRILs are randomly established and not controlled by genetic variation (Johannes et al. 
2009). The effects of random epigenetic mutations can be similar to the effects of random 
genetic variation, and may influence selection.
In addition to environmentally induced epigenetic changes and random epigenetic 
mutations (that are not controlled by genetic variation) there is also genetically controlled 
epigenetic variation. One example of a common situation in which DNA methylation is not 
stochastic but under genetic control is DNA methylation of some transposable elements. 
Transcriptional activity of specific transposable elements is recognized by the plant and 
triggers the so-called RNA-dependent DNA Methylation pathway (RdDM), which silences 
transposable elements by guiding DNA methylation to their genomic positions (Matzke 
and Mosher 2014). There can also be genetic control over rates of stochastic epigenetic 
variation, which may induce phenotypic variation and can influence evolutionary adaptation 
in changing environments (Feinberg and Irizarry 2010). 
In summary a proportion of epigenetic variation operates independent from genetic 
variation, the environment can influence epigenetic variation, epigenetic variation (either 
genetically induced, stochastic or induced by the environment) can be inherited for several 
offspring generations and epigenetic variation can influence phenotypic traits. However, it is 
still unknown how widespread transgenerational epigenetic inheritance is and often only one 
aspect of epigenetics is studied (e.g. only the heritability or only the environmental effects) 
making it difficult to evaluate the role of epigenetic variation in adaptive transgenerational 
effects (Grossniklaus et al. 2013, Robertson and Richards 2015).
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The expression of transgenerational effects is context dependent. When parental 
or transgenerational effects lead to the expression of a phenotype that is not adaptively 
matched to the environment this could negatively affect fitness (Uller et al. 2013). 
Whether a parental or transgenerational effect can be considered adaptive depends on 
how anticipatory the phenotypic response is to the environment of the offspring. If the 
environment of the offspring matches with the parental environment this often leads 
to a better performance (Galloway and Etterson 2007, Uller et al. 2013). Several studies 
have found that transgenerational effects were only expressed in a stressful environment 
(Agrawal 2002, Whittle et al. 2009) or only under control conditions (Suter and Widmer 
2013a, b). 
Transgenerational effects are not always consistently observed and some effects fail 
experimental reproducibility, thereby raising doubts about their importance and even their 
existence (Pecinka et al. 2009, Pecinka and Scheid 2012, Uller et al. 2013). Comparisons 
and generalisations are furthermore complicated by the fact that the expression of 
transgenerational effects is sensitive to timing, duration, and severity of the environmental 
factor (Boyko et al. 2010b). Moreover, phenotypic responses vary between genotypes 
and traits (Verhoeven and van Gurp 2012, Suter and Widmer 2013b), only few studies on 
parental effects have been performed in natural (field) situations (Galloway, 2001; Galloway 
& Etterson, 2007; Castro et al., 2013), and most experimental studies on transgenerational 
effects focus on single environmental treatments that are applied under controlled settings. 
An additional complicated factor is that in natural situations plants are subjected to multiple 
environmental factors that act simultaneously (Pecinka and Scheid 2012). This paucity of 
experimental studies under natural conditions makes it difficult to evaluate the ecological 
and evolutionary importance of transgenerational effects.
MAIN OBJECTIVES OF THIS THESIS 
The main aim of this thesis was to gain more insight in transgenerational effects and 
their context-dependency, as well as whether transgenerational effects are adaptive and 
the role of epigenetic variation in natural populations. In Scabiosa columbaria I studied 
epigenetic variation in natural populations and their offspring grown in a common garden; 
and I evaluated the maternal and paternal contribution to parental effects. In Arabidopsis 
thaliana I studied the context dependency of transgenerational effects in different offspring 
environments and by using 14 natural genotypes that were originally collected in different 
habitats.
 
R1
R2
R3
R4
R5
R6
R7
R8
R9
R10
R11
R12
R13
R14
R15
R16
R17
R18
R19
R20
R21
R22
R23
R24
R25
R26
R27
R28
R29
R30
R31
R32
R33
R34
R35
R36
R37
R38
R39
General introduction
19
1
In Chapter 2 the epigenetic variation and differentiation between natural S. columbaria 
populations was studied by using MS-AFLP to screen DNA methylation variation in 
natural field grown individuals from 10 populations and in their offspring in a common 
garden environment. The common interpretation of phenotypic differentiation between 
genotypes in a common garden experiment is that phenotypic differences that emerge 
despite a common environment have a genetic basis. However, when environment-induced 
methylation variation is stably inherited, observed phenotypic differences may also result 
from DNA methylation, induced by different environments. I wanted to know if plants 
from different populations were epigenetically differentiated in the field and, when grown 
in a common garden, would become epigenetically more similar. Epigenetic differences 
between populations that remain visible in offspring indicate heritable epigenetic 
divergence between populations. In contrast, if populations become epigenetically similar 
in a common environment then the field-observed epigenetic differences are attributable 
to environmental induction in the different field environments of the populations. 
Furthermore I asked if any patterns of (heritable) epigenetic differentiation could be 
predicted from underlying genetic variation. Only when epigenetic variation operates, at 
least partly, independent from genetic variation it can explain heritable phenotypic variation 
that cannot be explained by the underlying DNA sequence (Bossdorf et al. 2008). Therefore I 
correlated the genetic variation and the epigenetic variation from the natural field and from 
the common garden. And finally I asked to what extent plant traits in both environments are 
correlated to the genetic and epigenetic variation. 
In Chapter 3 the different contributions of maternal and paternal environmental experiences 
to parental effects were studied by exposing S. columbaria plants to simulated herbivory. 
The experimental groups, exposed to simulated herbivory or exposed to a mock treatment, 
were used as fathers or mothers in a full factorial crossing design with all four possible 
combinations. The effects of the simulated herbivory were evaluated for both parent and 
offspring phenotype and for offspring interactions with herbivores using the generalist 
herbivore Spodoptera exigua. Specifically I wanted to know if the maternal or paternal 
simulated herbivory treatment caused differences in offspring phenotypes and if these 
differed if both parents were treated. In addition to testing plant traits I asked if herbivore 
growth, survival and initial feeding preference on offspring plants were affected by the 
parental treatment. If caterpillar traits are negatively affected after parental treatment 
with (induced) herbivory this indicates parental induction of increased plant defences. By 
comparing offspring from parents with different induced herbivory treatments I tested if 
paternal effects are able to influence offspring, or if maternal effects indeed contribute 
more to parental effects and if there was an additive effect when both parents were treated 
with induced herbivory.
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In Chapter 4 two factors that are likely involved in the context dependency of trans-
generational effects were evaluated to investigate the scope and ecological relevance of 
transgenerational effects. Parental and transgenerational effects in A. thaliana were evaluated 
in different offspring environments, after a variable number of ancestral generations were 
exposed to either salt stress or a control treatment. This experimental design allowed me to 
test for different effects of single versus multiple generations of ancestral stress exposure, 
up to great-grandparental effects. To evaluate the effect of offspring environment on the 
expression of parental and transgenerational environmental effects, the phenotype of the 
fourth generation was evaluated in three different environments: in a climate chamber 
grown under control conditions, in a climate chamber grown under salt stress and in a 
natural field grown without additional stress. 
In Chapter 5 transgenerational plasticity to mild heat stress was explored across 14 
A. thaliana accessions from different environmental backgrounds. To explore the genotype x 
ancestral treatment interactions I differentiated between parental, grandparental and both 
parental and grandparental (two consecutive) generations of stress exposure. These 14 
accessions were not only used to test whether environmentally induced transgenerational 
effects are a general pattern within a species, but also to evaluate covariation with 
environmental variation from their habitat of origin. Environmental correlations across 
generations are hypothesized requirements for adaptive transgenerational plasticity 
to evolve, but these circumstances are difficult to derive from experimental settings. 
Therefore, a conceptual model to evaluate the potential adaptiveness of the observed 
transgenerational effects was constructed. 
In Chapter 6 the work presented in this thesis is discussed.
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SPECIES USED IN THIS THESIS
Scabiosa columbaria
S. columbaria is a protandrous, perennial species that grows in dry calcareous grasslands 
(Van Treuren et al. 1991). It is pollinated by insects and plants are self-compatible, but 
outcrossing rates in natural populations are high (>98%) (Ouborg et al. 1991, Van Treuren 
et al. 1994). S. columbaria grows a basal rosette and flowers from June till September with 
branded stalks with several flowering heads. Each flower head has around 50-70 florets that, 
when successfully fertilized, produce a single-seeded fruit (Ouborg et al. 1991, Van Treuren 
et al. 1993, Picó et al. 2004). Despite the high outcrossing rates, geitonogamy (when pollen 
is transferred between flowers of the same plant) can still be a risk for S. columbaria. If a 
plant has multiple flowers, pollinators often visit multiple flowers on the same plant (Barrett 
and Harder 1996, Barrett 1998, Fisogni et al. 2011), thus promoting inbreeding depression. 
Pollinators will likely first visit neighbouring plants bearing flowers than plants further away, 
thus increasing the likelihood that pollen dispersal is low. 
S. columbaria is often used in studies that focus on habitat fragmentation, spatial isolation 
and inbreeding (Ouborg et al. 1991, Van Treuren et al. 1991, Van Treuren et al. 1993, Picó 
et al. 2004, Pluess and Stöcklin 2004, Angeloni et al. 2014). Several studies on molecular 
diversity and fitness related traits of S. columbaria showed that there is often high genetic 
and phenotypic variation within populations, although studies in small Dutch S. columbaria 
populations showed that small populations are at risk of genetic erosion (Ouborg et al. 1991, 
Van Treuren et al. 1991, Van Treuren et al. 1993, Waldmann and Andersson 1998, Pluess and 
Stöcklin 2004, Pluess et al. 2011). Additionally studies showed that maternal effects may be 
important for S. columbaria, especially in seedling and juvenile stages (Ouborg et al. 1991, 
Scheepens et al. 2010). 
Arabidopsis thaliana
Arabidopsis thaliana is a native Eurasian plant with a wide geographical range and is 
found in a wide range of climates and habitats, although it often prefers disturbed places 
(Donohue et al. 2005b, Mitchell-Olds and Schmitt 2006, Picó 2012). Because it is mainly a 
self-pollinating species (95-99% in the native range) individuals are homozygous at most loci 
(Mitchell-Olds and Schmitt 2006, Hamilton et al. 2015). The mainly homozygous nature of 
A. thaliana, especially after a few generations of selfing in a controlled environment, makes 
it is possible to control for confounding effects of genetic variation when used in studies on 
parental and transgenerational effects. 
It has mainly a winter annual life history, meaning that it germinates in autumn and 
overwinters as a rosette and flowers and produces seeds in late spring or early summer. 
However, both spring and autumn annual populations exist in which the life cycle is completed 
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in a single season (Donohue 2005, Donohue et al. 2005a). Several studies have found that 
important traits, such as plant size, flowering and vernalization requirement, correlate 
with ecological or habitat factors such as latitude, altitude and climate (Lempe et al. 2005, 
Mitchell-Olds and Schmitt 2006, Picó 2012, Hamilton et al. 2015). In addition, reciprocal 
transplant experiments often showed higher fitness for local accessions, an indication for 
local adaptation (Fournier-Level et al. 2011, Ågren and Schemske 2012, Wilczek et al. 2014). 
In line with these results, Wolfe & Tonsor (2014) showed that accessions from dry and hot 
environments outperformed accessions from cool and wet environments, when they were 
exposed to warm and dry conditions during the reproductive phase. These studies show 
that accessions from different habitats have different responses to environmental factors, 
and that the nature of these responses is often linked to climate factors of the original 
habitat.
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ABSTRACT
Epigenetic variation may be influenced directly by the environment and part of this variation 
can be inherited to the next generation. There is however little evidence for the role of 
epigenetics in explaining the variation of phenotypic differences in the field. Field screenings 
combined with common garden experiments will add valuable insights in epigenetic 
differentiation and can help to reveal part of the relative importance of epigenetics in 
explaining trait variation. For 5 British and 5 French Scabiosa columbaria populations we 
explored epigenetic diversity, structure and differentiation in both the field and a common 
garden. And the genetic diversity, structure and differentiation were explored in plants from 
the common garden. Genetic and epigenetic variation was subsequently correlated to trait 
variation that was measured in both field and common garden plants. Populations showed 
significant epigenetic differentiation between populations and countries, both in the field 
but also when grown in a common garden. However, by comparing the epigenetic variation 
between field and common garden grown plants we also showed that a considerable part 
of the epigenetic variation is not heritable and presumably environmentally induced. The 
heritable component can consist of heritable variation in methylation that is not sensitive to 
environments and possibly genetically based, or environmentally induced variation that is 
heritable, or a combination of both. By comparing epigenetic variation in both the field and 
common environment our study provides important insights about the environmental and 
genetic components of epigenetic variation.
Keywords: DNA methylation, epigenetic inheritance, AFLP, MS-AFLP, population epigenetics, 
common garden
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INTRODUCTION
Plants often show differences in morphology and life history within and between populations. 
These differences arise because different environments lead to different selection pressures. 
These different selection pressures shape adaptive genetic variation, and in combination 
with random processes like drift, lead to heritable differences in plant phenotype. The 
phenotype of an individual is determined by the interactions between the environment and 
its genotype, which includes both genetically based adaptation and environmental induced 
phenotypic variation (Sultan 2000, Pigliucci 2005). An underlying mechanism of plasticity 
and possibly adaptive responses that may additionally explain variation in morphology and 
life history are epigenetic processes. 
Epigenetic variation can influence gene expression without changes in the underlying 
DNA sequence and can therefore ultimately influence phenotype (Cubas et al. 1999, Bossdorf 
et al. 2008, Johannes et al. 2009, Bossdorf et al. 2010, Cortijo et al. 2014). Additionally the 
environment can directly influence epigenetic variation (Bossdorf et al. 2008, Verhoeven et 
al. 2010). Recent studies have shown that epigenetic variation is relatively common in plants 
and that environmental-induced epigenetic changes can in some cases be stably inherited 
to the following generations (Jablonka and Raz 2009, Verhoeven et al. 2010). Epigenetic 
mechanisms include DNA methylation, histone modification, and small RNAs (Rapp and 
Wendel 2005). DNA methylation is the most commonly studied epigenetic mechanism 
(Bossdorf et al. 2008, Schulz et al. 2013).
Epigenetic mechanisms could be an important component of phenotypic variation when 
epigenetic variation operates, at least partly, autonomous from genetic variation because 
only then it could explain variation that was not explained by the underlying genetic 
variation (Bossdorf et al. 2008). An additional interesting part of epigenetic mechanisms 
is that they may mediate responses to environmental changes that persist into offspring 
(transgenerational effects), extending the scope of phenotypic plasticity across generation 
boundaries.
There is an increasing number of studies exploring epigenetic variation in natural 
populations (Herrera and Bazaga 2010, Lira-Medeiros et al. 2010, Abratowska et al. 2012, 
Richards et al. 2012, Ma et al. 2013, Wu et al. 2013, Yu et al. 2013, Rico et al. 2014, Sáez-
Laguna et al. 2014, Schulz et al. 2014, Avramidou et al. 2015, Nicotra et al. 2015, Preite et 
al. 2015, Foust et al. 2016). A number of these studies correlate epigenetic variation with 
phenotypic traits such as seed size variability and several whole plant, leaf and regenerative 
traits (Herrera et al. 2014, Medrano et al. 2014). Several interconnecting issues are covered 
in these studies, and the main questions these studies attempt to answer are to what extent 
are methylation patterns in natural populations induced by environment? Are natural 
populations epigenetically differentiated? And to what extent is this differentiation inherited 
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to the next generation, or is it mostly induced by differences in the environment? To what 
extent is epigenetic variation correlated with specific habitats or phenotypes? And is there 
evidence that these correlations are independent from the underlying genetic variation? 
Some of these questions can be answered by screening population epigenetic variation 
both in the field and in a common garden experiment. This combination can for instance 
differentiate between environment-induced and heritable epigenetic variation between 
populations. However, nearly all studies to date are performed in either the field or in a 
common environment but not in both (but see Nicotra et al. 2015).
A widely used method to study epigenetic variation within and between populations 
in non-model is methylation-sensitive AFLP (MS-AFLP), which uses methylation sensitive 
isoschizomers (Reyna-Lopez et al. 1997, Schulz et al. 2013). MS-AFLP can be applied to 
species for which no reference genome is available and it is possible to screen a large number 
of individuals (Schrey et al. 2013, Schulz et al. 2013). It is a very suitable method to assess 
epigenetic differentiation in (non model) plant populations and to uncover global correlations 
between genetic variation, epigenetic variation, habitats and phenotype (Schrey et al. 2013, 
Schulz et al. 2013, Alonso et al. 2016). This makes MS-AFLP an important first global test 
for interesting patterns. However, because MS-AFLP screens random sites throughout the 
genome and linking epigenetic variation to phenotype is not very straightforward, different 
high-resolution tools, like bisulfite sequencing-based methods, are necessary in order to 
pinpoint functional effects of DNA methylation and to unravel the relationship between the 
genome, epigenome and plant phenotype (Schrey et al. 2013, Preite et al. 2015, Robertson 
and Richards 2015b, van Gurp et al. 2016). 
Here, we screened AFLP and MS-AFLP variation in different populations of Scabiosa 
columbaria, a species with high genetic variation within populations and phenotypic 
differentiation among populations (Waldmann and Andersson 1998, Pluess and Stöcklin 
2004). We screened 10 different populations both in the field and offspring of field plants in 
a common garden, to test to what extent epigenetic population differentiation was inherited 
to the next generation. We asked the following questions: (i) Are populations epigenetically 
differentiated? (ii) To what extent is epigenetic population differentiation still present 
when testing offspring of field samples in a common environment, and thus heritable? 
(iii) Is epigenetic variation a reflection of the underlying genetic variation or does part of 
the epigenetic variation operate independently from genetic variation? (iv) Is epigenetic 
variation correlated with phenotypic variation?
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MATERIAL AND METHODS
Study species
Scabiosa columbaria L. is a short lived perennial herb that occurs on dry, calcareous grasslands 
in Europe. It is a protandrous, insect pollinated, mainly outcrossing species, although it is 
self-compatible. S. columbaria grows a basal rosette and flowers from June till September 
with branded stalks with several flowering heads. Each flower head has around 50-70 florets 
that, when successfully fertilized, produce a single-seeded fruit (Ouborg et al. 1991, Van 
Treuren et al. 1993, Picó et al. 2004). In 2009 seeds and leaf material were collected from 
20 individuals per population (field plants) from 5 British (UK) and 5 French (FR) populations 
(Table 1). Only large populations (> 500 individuals) were selected. The locations of the 
populations were chosen to cover a large environmental gradient in both countries. The 
phenotypic measurements are described below, under phenotypic measurements. Seeds 
were stored in paper bags under room temperature until used for germination. Leaf material, 
collected only from fresh and undamaged leaves, was immediately dried in silicagel and 
upon arrival in the lab all leaf material was stored at -80°C.
Common garden experiment
For the common garden experiment we used the seeds collected in each of the 5 UK and 
5 FR populations. Of each mother plant all available seeds were used for germination. 
Seeds were placed in petri dishes with filter paper, which was moistened with deionized 
water. Germinating seeds were kept in a climate chamber with a 20°C/16°C (day/night) 
temperature regime, long day (16h/8h, day/night) and light conditions of 236 µmol m-2 s-1. 
After germination, 5 seedlings per mother plant were individually planted in peat Jiffypots® 
(6 cm diameter, Jiffy Products International BV, Moerdijk, the Netherlands) filled with soil 
from the common garden field site. The individual pots were subsequently placed in an 
unheated greenhouse, where they stayed for 12 weeks. At the end of May 2013, when 
ground temperatures were no longer expected to drop below 0°C, all plants were planted in 
a randomized block design (with 5 blocks and a single replicate for each mother per block) 
in an open common garden field site at the experimental garden of Radboud University, 
Nijmegen, the Netherlands. Individual plants were placed at 25 cm intervals with 4 plants 
per row. 
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Phenotypic measurements
In both field and common garden environment the biomass index (i.e., the product of the 
number of leaves and the length and width of the largest leaf; a non-destructive way to 
measure biomass (Vergeer et al. 2012)), number of flowering stems, number of flowers on 
each flowering stem and the total number of flowers per plant was measured. The biomass 
index for the field plants was measured at time of seed set. For the garden grown plants 
biomass index was measured when they were placed in the common garden (week 1) and 
approximately two weeks before bolting (after 11 weeks, beginning of August 2013). The 
data of the first measurement was used in the analysis of the second measurement data 
to correct for differences in initial biomass at time of planting. Additionally in the common 
garden we also determined bolting date and day of opening of the first flower (flowering 
time). After seed set (at the end of November 2013, before temperature dropped below zero 
and before plants had started to senescence) all plants were harvested. After one week oven 
drying at 70°C we measured reproductive biomass (inflorescence and flower mass), biomass 
of the plant excluding the reproductive biomass and by combining those total biomass. A 
Pearson’s correlation test showed a strong correlation between total biomass and biomass 
index measured before bolting in the common garden (r = 0.69, p-value < 0.0001).
DNA isolation, AFLP and MS-AFLP
DNA was isolated from 10 individuals per population from the common garden grown plants 
for both AFLP and MS-AFLP analysis. All selected plants came from different mother plants. 
In addition, DNA was isolated from 10 individuals per population from the field collected 
leaf material for MS-AFLP analyses of field-collected plants, which were not necessarily the 
same plants as the mother plants of which seeds were collected. DNA was isolated from 
approximately 1.5 cm2 leaf material using the Nucleo spin 8 plant II kit (Machery-nagel, 
the Netherlands). The DNA quantity of the leaf material collected in the field was too low. 
Therefore we were unable to perform the planned AFLP analysis on the field collected 
material and only performed MS-AFLP analysis. DNA amount was quantified using Qubit® 
1.0 Fluorometer (ThermoFisher Scientific, the Netherlands).
For genotyping the 5 UK and 5 FR populations the amplified fragment length 
polymorphism (AFLP) method was used, with EcoRI as a rare cutting enzyme and MseI as 
the frequent cutter (Vos et al. 1995). In order to analyse the epigenetic variation between 
populations and countries we used an adaptation from the AFLP method, the methylation 
sensitive amplified fragment length polymorphism (MS-AFLP) where the frequent cutter 
MseI is replaced in two parallel batches by two methylation sensitive cutters, MspI and 
HpaII, which cut the same 5’-CCGG restriction site but differ in methylation sensitivity 
(Reyna-Lopez et al. 1997, Keyte et al. 2006). 
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See supporting information Table S1 for a complete overview of all adapters and primers 
used for both AFLP and MS-AFLP protocols. The AFLP and MS-AFLP protocols were adapted 
from Vergeer et al. (2012). 
Field and common garden samples were analysed separately and were randomized 
between plates, to prevent plate bias. In addition all MS-AFLP samples were run in duplo, 
for both MspI and HpaII. 
We analysed fragments of both AFLP and MS-AFLP with GENEMARKER version 2.6.3 
(Softgenetics) and scored fragments between 98 and 600 base pairs. Marker loci were 
scored when the peaks were at least three times higher than the noise, and when in the 
individual sample the peak height signal was above 100. Additionally mismatching duplo’s 
were checked manually and were only included if both peaks showed a clear signal above 
50, otherwise they were excluded. Mismatched duplo’s were generally less than 10% per 
plate. Samples that failed in one or more primer combinations were excluded from further 
analysis, just as loci with less than 5% variability for both AFLP and MS-AFLP. This resulted 
in a total of 88 AFLP samples with 144 polymorphic loci, 88 MS-AFLP samples from the 
common garden with 140 polymorphic loci and 81 MS-AFLP samples from the field with 109 
polymorphic loci. Fragments were scored as methylated (fragment present in EcoRI/MspI or 
EcoRI/HpaII, but not in both, fragment type II or III) or non-methylated (fragment present in 
both EcoRI/MspI and EcoRI/HpaII, fragment type I). The absence of fragments was scored 
as missing data (fragment type IV, see supplementary methods) because in this case it 
is not possible to distinguish between complete methylation and genetic restriction site 
polymorphism as the cause of fragment absence (Vergeer et al. 2012, Schulz et al. 2013). 
Statistical analysis
In the phenotypic data of both the field and the common garden we tested for differences 
between countries and between the populations within each country. We analysed the 
differences between countries using linear mixed effect models with country as a fixed 
effect and population nested within country as random effect (Bates et al. 2014). For the 
common garden data block was included as a random factor. The denominator degrees 
of freedom and p-values for the linear mixed effects models were calculated using the 
lmerTest R package (Kuznetsova A 2015). In order to also test for the differences between 
populations, the data was first separated in a FR and UK data set. Then we performed a 
second model, separately for FR and UK, with populations as the fixed effect. Tukey post 
hocs were performed to test if there were phenotypic differences between populations. For 
the field data we performed linear effect models, using generalized least squares (Pinheiro 
et al. 2015). For the common garden linear mixed effect models were fitted to be able 
to include block as a random factor (Pinheiro et al. 2015). All models were adjusted for 
variance heterogeneity leading to a better model fit (using the varIden function in the R 
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2
package nlme). The percentage of variance explained by country and population (population 
variance was calculated separately for FR and UK populations) was estimated by using the 
lmer function from the lme4 package, for all phenotypic traits (Bates et al. 2014). 
Qst, the genetic divergence in functional quantitative traits (Spitze 1993), was calculated 
for all traits shared between Field and Common garden (biomass index, inflorescence height, 
number of inflorescences and number of flowers), using the variances calculated with the 
linear mixed models described above (Steinger et al. 2002, Whitlock 2008).
The binary AFLP and MS-AFLP data were analysed using a band-based strategy, where 
the presence or absence band pattern was compared between samples (Bonin et al. 2007). 
The percentage of polymorphic loci and genetic and epigenetic Shannon’s information 
index was calculated separately per population using the MSAP_calc.r R script (Schulz et 
al. 2013). The methylation percentages were calculated using (Type II + Type III)/(Type I 
+ Type II + Type III)* 100%. And the relative percentage of each type was calculated with 
(Type X)/(Type I + Type II + Type III + Type IV)*100% (Vergeer et al. 2012). The methylation 
percentages were calculated separately per environment (Field vs Common garden), per 
country and for each population. They were subjected to analysis of variance (ANOVA) 
to test for significant differences. We calculated distance matrices both on individual and 
population level using GENALEX 6.5 (Peakall and Smouse 2012). These matrices were 
imported in the R environment and used for further analysis. Principal coordinate analysis 
(PCoA) were performed and the principal coordinate values were plotted for AFLP, MS-AFLP 
field and MS-AFLP common garden using the individual-level pairwise distance matrices 
using the pcoa() function from the package Ape (Paradis et al. 2004).To analyse the genetic 
and epigenetic variation between countries, among populations within countries and within 
populations we used the analysis of molecular variance (AMOVA) framework (Meirmans 
2006), using the amova() function from the package Pegas with 9999 permutations (Paradis 
2010). ɸst values for AFLP, MS-AFLP Field and MS-AFLP Common garden were calculated 
separated by country using the AMOVA framework (Meirmans 2006). In addition we tested 
for the homogeneity of variances between populations in the distance matrices for AFLP, 
MS-AFLP field and MS-AFLP common garden using the betadisper() function from the Vegan 
R package, which is a multivariate analogue of the Levene’s test for homogeneity of variance 
(Oksanen et al. 2015, Preite et al. 2015).
Using the distance matrixes, we tested for correlations between AFLP, MS-AFLP field, 
MS-AFLP common garden, phenotype data and geographical distance on population level 
with Mantel and partial Mantel tests, using the function mantel() from the Vegan package 
with 1500 permutations (Oksanen et al. 2015).
For the phenotypic data from the common garden Euclidian distance matrices were 
calculated both on population and on individual level, for all traits, with 76 individuals that 
were present in both AFLP and MS-AFLP common garden data sets. Correlations between 
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individual based distance matrices of AFLP, MS-AFLP common garden and common garden 
traits were tested with Mantel tests, using mantel() from the Vegan package, with 1500 
permutations. 
RESULTS
Phenotypic differences in the field and the common garden
In both the field and in the common garden plants from FR populations were generally larger 
than plants from UK populations. This pattern was observed in all biomass related traits like 
biomass index, reproductive biomass, non-reproductive biomass and total biomass (Fig. 1 
and Supplementary Fig. S2c, d and e). Analysis of biomass index in the field showed that 
for the French populations 42.7% was explained by population differences whereas in the 
British populations 15.4% of the variation in biomass index was explained by differences 
among populations (Table 2 and see supplementary files Table S2 for F-values and p-values 
of field grown plants and Table S3 for F-values and p-values of common garden grown 
plants). Interestingly, when plants were grown in a common environment, similar amounts 
of variance in biomass index were explained by country (17.5% in the field versus 18.2% in 
the common garden), but for the FR plants only 14.3% was explained by population (Table 
2). This suggests that environmental variation between natural populations may have been 
particularly large in France, increasing population differences via environmental effects on 
plant phenotypes.
In the common garden significant differences were observed in flowering time, with plants 
from UK populations flowered earlier than plants from FR populations. Despite differences 
in flowering time, no significant differences were observed in bolting time and reproductive 
biomass between plants from FR and UK populations (Table 2 and see supplementary files 
Fig S2c and d, Table S2 and S3). For inflorescence height there were no significant differences 
between countries in the field-grown plants, but in the common garden-grown plants FR 
populations had significantly taller inflorescences than UK populations (see supplementary 
files Fig. S1a, Fig. S2f, Table S2 and S3). Plants from FR populations produced significantly 
more flowers per inflorescence in the field than plants from UK populations, and a higher 
number of total flowers, although this difference was no longer significant in the common 
garden (Fig. 1c and d, Table 2 and Supplementary Table S2 and S3). 
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In general field-grown plants showed stronger differentiation in traits by country or 
by population than plants that were grown in a common environment. While all other 
populations became more similar in the common garden, population FR 3 was strongly 
differentiated also in the common garden and was responsible for a considerable part of 
the variation between countries and populations. In both field and common garden plants 
FR population 3 had the highest biomass (measured as biomass index, non-reproductive 
biomass, reproductive biomass and total biomass), although this did not translate in 
increased flower production. In the FR common garden grown plants population 3 is the 
only significantly different population, while in the field grown plants this difference was 
not as obvious. For the UK populations generally population 10 had the highest biomass and 
population 9 the lowest, in both field and common garden grown plants. 
Genetic and epigenetic variation
The mean percentage of polymorphic genetic bands was 74.8% and the mean percentage of 
polymorphic epigenetic bands for the field grown plants was 64.2% and for common garden 
grown plants 69.4% (Table 1). No private bands were observed. The average Shannon’s index 
for the genetic diversity was 0.570, which is similar to the epigenetic diversity Shannon’s 
indexes for both field-grown plants (mean Hepi = 0.514) and common garden grown plants 
(mean Hepi = 0.546).
The average methylation percentage per country showed a significant interaction 
between the environment and country (Fig. 2, Supplementary files Table S5). When the 
influence of the environment was tested separately for FR and UK populations, both FR and 
UK showed significant effects of populations on methylation percentage and no interaction 
between environment and population. However, FR populations showed a significant effect 
of environment on methylation percentage (Supplementary files Table S5). 
AMOVA tests showed that for AFLP, MS-AFLP Field and MS-AFLP Common garden 
distance profiles there was more variation between populations within countries than 
between countries (Table 3). This is reflected in the principal coordinate analysis (PCoA) plots 
based on the same pairwise AFLP, MS-AFLP field and MS-AFLP Common garden distance 
profiles as the AMOVA tests (Fig. 3). The AFLP PCoA plot shows that the FR populations 
closest to the UK (populations FR 4 and FR 5, see table 1 for latitude and longitude) also 
appear to be genetically more similar to the UK populations (Fig. 3a). The MS-AFLP Field 
PCoA shows a less pronounced but comparable pattern to the AFLP plot (Fig. 3b). In the MS-
AFLP Common garden plot there is more within population variation than the AFLP and MS-
AFLP Field plots, but the molecular variance among populations was still significant (Fig 3c, 
Table 3). The variation partitioned among countries was in all three profiles relatively small, 
but was significant for all profiles (Table 3). The ɸst of the AFLP and MS-AFLP Field were 
comparable for both FR and UK populations, while it was smaller in the MS-AFLP Common 
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garden for both countries (Table 3). Only FR biomass index in the field showed a higher Qst 
than ɸst, all other traits in both environments had Qst values similar or smaller than ɸst 
values (Supplementary files Table S6). Additionally several traits showed very low among- 
population variation and this differed between country and environment (Supplementary 
files Table S6).
Overall we found relatively high levels of genetic and epigenetic diversity, and epigenetic 
diversity was in general comparable to genetic diversity (Table 1). Additionally the average 
methylation percentage differed between populations, and for FR populations was also 
influenced by the environment (Field versus Common garden, Fig. 2, Supplementary files 
Table S5). And while genetic variation showed the most pronounced PCoA plot (Fig 3), 
the variance among countries and populations was significant for the genetic and both 
epigenetic profiles (Table 3).
Genetic and epigenetic correlations
Population level genetic variation of common garden grown plants was significantly and 
positively correlated with the population level epigenetic variation of plants grown in the 
natural field, and with the geographical distance between populations (Table 4). When plants 
were grown in a common environment the correlation between genetic and epigenetic 
variation was not present. Interestingly, epigenetic variation from the natural field and 
epigenetic variation from the common garden were not correlated. However, it is possible 
that the genetics vary between these two sets of plants and at least some of the epigenetic 
signature will vary because of that. 
Both genetic variation, calculated at the population level, and geographical distance, 
also at population level, showed significant correlations with biomass related traits, in both 
field and common garden grown plants (Table 5), although geographic distance and biomass 
index in the field was only marginally correlated. No significant correlations between 
epigenetic variation and phenotypic traits were observed, neither in the field nor in the 
common garden. These correlations were all calculated at population level, because genetic 
variation was determined in common garden grown plants and therefore could not be 
correlated to individual epigenetic profiles of field-grown plants. Additionally, the location 
was determined for each population and not for each individual plant within a population. 
Nevertheless, when the genetic and epigenetic variation based on individual plants from 
the common garden was correlated similar correlations were observed (Supplementary files 
Table S8). 
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Figure. 3. Principal coordinate analysis (PCoA) based on genetic (a, AFLP) and epigenetic distances 
from the field (b, MS-AFLP Field) and the common garden (c, MS-AFLP Common garden).
Table 4. Outcome of population-level Mantel tests correlations between AFLP, MS-AFLP Field, MS-
AFLP common garden and geographical distance of populations. Correlations and p-values were 
derived from 1500 permutations. Bold values indicate a p-value < 0.05.
AFLP MS-AFLP Field MS-AFLP Common garden
r p-value r p-value r p-value
AFLP
MS-AFLP Field 0.43 0.006
MS-AFLP Common garden 0.06 0.39 0.22 0.19
Geographical distance 0.65 0.004 0.37 0.01 -0.002 0.47
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Table 5. Outcome of population-level Mantel tests correlations between phenotypes and AFLP, both 
MS-AFLP profiles and the geographical distance. Field traits were only tested with MS-AFLP data from 
field-grown plants and common garden traits were only tested with MS-AFLP data from common 
garden-grown plants. Correlations and p-values were derived from 1500 permutations. Bold values 
indicate a p-value < 0.05.
AFLP MS-AFLP Field Geographical distance
Phenotype field r p-value r p-value r p-value
Biomass Index 0.46 0.04 0.13 0.26 0.22 0.08
Inflorescence height -0.23 0.88 0.17 0.27 -0.12 0.74
# Inflorescences -0.11 0.68 -0.19 0.79 -0.04 0.53
# Flowers 0.02 0.35 -0.06 0.64 0.05 0.27
# Flowers per inflorescence 0.13 0.16 0.03 0.43 0.10 0.20
AFLP MS-AFLP Common garden Geographical distance
Phenotype common garden r p-value r p-value r p-value
Biomass Index 0.48 0.003 -0.24 0.79 0.37 0.01
Inflorescence height 0.33 0.04 -0.28 0.81 0.25 0.06
# Inflorescences 0.42 0.02 -0.13 0.72 0.04 0.35
# Flowers 0.33 0.04 0.04 0.36 0.003 0.41
Bolting time -0.15 0.79 -0.25 0.92 0.14 0.17
Flowering time 0.03 0.33 -0.01 0.62 0.03 0.41
Reproductive biomass 0.44 0.001 -0.24 0.75 0.37 0.001
Non-reproductive biomass 0.67 0.003 -0.26 0.90 0.56 0.005
Total biomass 0.57 0.003 -0.27 0.85 0.48 0.002
DISCUSSION
In our study we screened epigenetic variation in situ in natural S. columbaria populations. 
To test to what extent epigenetic differentiation was heritable we did not only screen 
field-grown plants but also plants from the same population grown together in a common 
environment. Our study showed epigenetic population differentiation in both field and 
common garden environments, although this differentiation was stronger in the field than 
in the common garden. This indicates that part of the epigenetic variation was heritable, but 
also that a considerable part was presumably induced by the different field environments 
but not heritable. There was a clear correlation at the population level between genetic 
variation and field-observed epigenetic variation, but this correlation was not present 
between genetic variation and common garden-observed epigenetic variation. This could 
indicate that the correlation between genetic and epigenetic variation in the field is based 
mainly on the environment-induced component of epigenetic variation, where different 
field environments may induce population specific epigenetic patterns. 
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Genetic variation within and between populations 
S. columbaria is genetically diverse species with high outcrossing rates (with 98% in natural 
populations) (Van Treuren et al. 1994, Pluess and Stöcklin 2004, Reisch and Poschlod 2009). 
Our results show high genetic diversity within populations, which is in accordance with 
other studies on genetic diversity and variation of S. columbaria (Waldmann and Andersson 
1998, Pluess and Stöcklin 2004, Reisch and Poschlod 2009). 
The comparison of Qst to ɸst can help to distinguish if differentiation between 
populations is the result of natural selection or neutral random processes like drift (Merilä 
and Crnokrak 2001, Whitlock 2008, Scheepens et al. 2010). When Qst is higher than ɸst 
different phenotypes are expressed in different populations and directional selection is 
likely involved, when Qst and ɸst are equal the differentiation between populations is likely 
the effect of genetic drift and when the ɸst is higher than Qst there is selection for the 
same phenotype in different populations (Merilä and Crnokrak 2001, De Kort et al. 2013). 
Comparisons between Qst and ɸst (for Qst and ɸst see Supplementary files Table S6) show 
a higher Qst for biomass index in the field. A considerable part of this higher Qst for biomass 
index was environmentally induced, because in the common garden grown plants the Qst 
decreased. Additionally, all other traits in the field and common garden show either Qst 
comparable to ɸst or a lower Qst, which indicates that the differentiation can be explained 
by drift alone or that similar phenotypes are favoured between populations (Merilä and 
Crnokrak 2001, De Kort et al. 2013). An earlier study on S. columbaria in Sweden showed 
that Qst values always exceeded the Fst estimates, indicating diversifying phenotypic 
selection in variation between populations (Waldmann and Andersson 1998), but a study 
on Swiss S. columbaria showed Qst values that were close to zero or zero (Scheepens et 
al. 2010). Because Sweden is at the margin of the geographical range of S. columbaria it is 
possible that there is an increased selection pressure leading to an increase in Qst values 
(Pluess and Stöcklin 2004). 
Epigenetic variation within and between populations
To data, several studies on epigenetic variation and differentiation have been performed that 
tested population differentiation in a common environment and these studies have showed 
mixed results, ranging from no epigenetic differentiation between populations (Avramidou 
et al. 2015, Nicotra et al. 2015) to differentiation only among geographically large regions 
(Preite et al. 2015) to differentiation between habitats (Richards et al. 2012) or differentiation 
on both population and habitat level (Abratowska et al. 2012). Results of field studies of 
epigenetic population variation in natural field-sampled plants varied between epigenetic 
differentiation between different habitats (Lira-Medeiros et al. 2010, Rico et al. 2014) and 
epigenetic differentiation among populations habitat (Schulz et al. 2014, Foust et al. 2016). 
These studies show that when there are environmental differences between populations, 
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field studies often show epigenetic differentiation. However, field studies are unable to show 
if the observed variation is mainly due to environmentally induced methylation changes and 
if the observed variation is heritable. And for common garden grown studies it is unclear 
if observed epigenetic differentiation between populations is caused by genetic variation 
or by the heritable component of environmentally induced methylation variation in field-
grown parental individuals. Taken together the results from these studies emphasize the 
need to study epigenetic variation in both the natural field and in a common environment. 
Studies that screen for epigenetic variation in both field and common garden are still rare, 
while the combination of environments is necessary to draw stronger conclusions about 
adaptive epigenetic variation (Robertson and Richards 2015a). Our experimental design 
compared epigenetic variation in the natural field environment and in a common garden. 
This design allowed us to expose the influence of natural field environments on epigenetic 
variation, as the key difference between the natural field data and the common garden data 
is the presence or absence of these population-specific environmental differences. 
While a large part of genetic and epigenetic variation was partitioned within populations, 
a significant part of the variation was partitioned between countries and between 
populations. In the common garden plants the between-population variance component 
was reduced compared to the field plants, which led to an increase in the within-population 
variance component, but there was still a significant differentiation between countries and 
populations and this fraction was comparable to the field. Our comparison of epigenetic 
differentiation between field and common garden-grown plants showed two important 
results. First, part of the epigenetic differentiation remains intact in the common garden, 
and second, population differentiation in a common environment is smaller than in different 
natural (field) environments. This could indicate that part of the epigenetic differentiation is 
heritable but also that a considerable part of the epigenetic differentiation is environmentally 
induced and disappears when all plants grow in a common environment. 
Correlation between genetic and epigenetic variation
We determined genetic variation using only common garden grown plants, because we were 
unable to extract enough DNA from the natural field grown plants. This was a limitation in 
our study and consequently we had to correlate genetic variation from the common garden 
grown plants to the epigenetic variation of the natural field grown plants. We interpret our 
results therefore with the assumptions that we did not expect major genetic differences 
on population level between field and common garden grown plants. Our results showed a 
significant correlation between genetic variation (tested in common garden grown plants) 
and epigenetic variation in field grown plants, but not between this genetic variation and 
epigenetic variation in common garden grown plants. Furthermore, epigenetic variation in 
the field showed no significant correlation to epigenetic variation in the common garden. 
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Also when the genetic and epigenetic patterns of individual plants (not populations) from 
the common garden were compared we did not find a genetic-epigenetic correlation, thus 
reinforcing the results from the population-based comparisons. One possible explanation is 
that the environment induces an important proportion of the epigenetic variation and that 
this is not inherited to the offspring. If natural environments induce different epigenetic 
profiles in different populations, such population-specific induced epigenetic profiles may 
show a statistical association with genetic divergence between the populations. If this 
variation is not inherited then this association will disappear. There still was significant 
epigenetic population differentiation in the common garden, which could in principle be 
caused by either heritable methylation variation (possibly genetically controlled) that is 
unsusceptible to the environment or environmentally induced methylation variation in 
the field that is heritable. Or a combination of both, but based on our data this cannot be 
distinguished. 
Correlation between phenotype, genetic and epigenetic variation
We found phenotypic population differentiation in both the field and, less pronounced, 
in the common garden. Population-level phenotypic variation was correlated with genetic 
variation in both the field and in the common garden, and for the common garden when 
individual plants were compared. However, we found no correlations between traits and 
epigenetic variation, neither in the field nor in the common garden. Epigenetic variation is 
known to have significant effects on phenotype (Cubas et al. 1999, Johannes et al. 2009, 
Bossdorf et al. 2010, Zhang et al. 2013, Cortijo et al. 2014), but it is not entirely understood 
how gene expression and phenotype are influenced by DNA methylation and there is often 
not an obvious connection between phenotype, gene expression and DNA methylation 
(Schrey et al. 2013, Robertson and Richards 2015b). It is possible and likely that MS-AFLP 
is not a suitable method to uncover the links between phenotypic variation and DNA 
methylation (Schrey et al. 2013, Robertson and Richards 2015b). MS-AFLP is a method 
especially suitable to find overall correlations between genetic, epigenetic and phenotypic 
relatedness (e.g. if two plants have a very similar MS-AFLP profile are they also phenotypically 
similar?). But in order to pinpoint the mechanic link between methylation and phenotype 
other, more detailed, methods are necessary (Schrey et al. 2013, Robertson and Richards 
2015b). Of course another explanation could also be that methylation variation does not 
influence phenotype in S. columbaria. However, because a relation between methylation 
and phenotype was discovered for inbred S. columbaria individuals we do not expect that 
this is very likely (Vergeer et al. 2012). 
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Conclusions
Natural populations of S. columbaria showed in addition to large within population genetic 
and epigenetic variation also significant differentiation between populations and countries. 
By not only screening field-grown plants but also populations grown in a common test 
environment, we showed that a considerable part of epigenetic differentiation is not 
heritable, and thus presumably environmentally induced. Only a small part is heritable, 
leading to epigenetic differentiation that is visible also in the common garden plants. This 
heritable component can consist of heritable variation in methylation that is not sensitive to 
environments and possibly genetically based, or environmentally induced variation that is 
heritable, or a combination of both. By comparing epigenetic variation in both the field and 
common environment our study provides important insights about the environmental and 
genetic components of epigenetic variation.
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SUPPLEMENTARY FILES
Tables
Table S1. Primers used for AFLP and MS-AFLP.
AFLP MS-AFLP
EcoRI-Adapter I ctcgtagactgcgtacc EcoRI-Adapter I ctcgtagactgcgtacc
EcoRI-Adapter II aattggtacgcagtctac EcoRI-Adapter II aattggtacgcagtc
MseI- Adapter I gacgatgagtcctgag HM-Adapter I gatcatgagtcctgct
MseI- Adapter II tactcaggactcat HM-Adapter II cgagcaggactcatga
 MseI-T gatgagtcctgagtaaT HM-T atcatgagtcctgctcggt
EcoRI-A gactgcgtaccaattca EcoRI-A gactgcgtaccaattca
Table S1. ANOVA table of the linear mixed-effects model (for country) and linear models (for FR and 
UK) of the Field. Bold values indicate if the percentage of variance is significant (p-value < 0.05).
Field Country FR UK
numDF 1 4 4
Biomass index
denDF 79.5 95 95
F-value 4.28 13.9 3.69
p-value 0.073 <0.0001 0.008
Inflorescence height
denDF 79.8 95 95
F-value 0.04 0.44 3.21
p-value 0.856 0.781 0.016
# Inflorescences
denDF 198 95 95
F-value 6.72 1.21 1.10
p-value 0.010 0.310 0.363
# Flowers
denDF 80.6 95 95
F-value 17.5 2.03 3.16
p-value 0.003 0.097 0.018
# Flowers per inflorescence
denDF 79.3 95 95
F-value 19.0 0.56 2.51
p-value 0.003 0.6912 0.047
numDF is the number of treatment groups and denDF is the number of replicates per group
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Table S3. ANOVA table of the linear mixed-effects model (for country) and linear models (for FR and UK) 
of the Common garden. Bold values indicate if the percentage of variance is significant (p-value < 0.05). 
Common garden Country FR UK
numDF 1 4 4
Biomass index
denDF 8.39 231 143
F-value 8.68 3.88 8.66
p-value 0.02 0.005 <0.0001
Inflorescence height
denDF 8.21 228 144
F-value 3.04 5.69 1.03
p-value 0.119 0.0002 0.395
# Inflorescences
denDF 7.11 99 66
F-value 1.25 3.14 2.01
p-value 0.300 0.018 0.103
# Flowers
denDF 6.06 99 66
F-value 1.31 1.57 0.68
p-value 0.296 0.187 0.608
Bolting time
denDF 6.67 127 86
F-value 1.85 1.90 0.29
p-value 0.218 0.114 0.881
Flowering time
denDF 4.42 88 74
F-value 16.4 0.37 1.52
p-value 0.013 0.829 0.205
Reproductive biomass
denDF 8.70 132 81
F-value 3.67 5.14 0.53
p-value 0.089 0.0007 0.714
Non-reproductive 
biomass
denDF 8.36 227 143
F-value 11.7 16.7 5.02
p-value 0.009 <0.0001 0.0008
Total biomass
denDF 8.21 227 143
F-value 8.24 15.2 3.48
p-value 0.020 <0.0001 0.010
numDF is the number of treatment groups and denDF is the number of replicates per group
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Table S4. Averages of the total number of bands and percentage of each type. Shown per country and 
separately per population. 
Field
Total number of 
bands
Type I 
percentage
Type II 
percentage
Type III 
percentage
Type IV 
percentage
FR 74.8 27.4 10.6 15.5 46.6
1 76.6 28.6 11.1 15.0 45.3
2 73.8 27.1 11.6 14.0 47.3
3 73.3 27.3 12.1 12.9 47.7
4 73.9 24.8 10.4 17.6 47.2
5 76.9 29.8 7.9 17.3 45.0
UK 79.6 27.8 12.2 16.9 43.2
6 78.3 29.2 12.0 14.7 44.1
7 80.1 27.6 10.4 19.2 42.8
8 78.4 27.4 12.8 15.8 44.0
9 79.0 27.0 12.2 17.2 43.6
10 83.0 27.9 13.8 17.6 40.7
Common 
garden
Total number of 
bands
Type I 
percentage
Type II 
percentage
Type III 
percentage
Type IV 
percentage
FR 73.8 25.0 12.3 15.4 47.3
1 74.0 20.7 15.7 16.4 47.1
2 74.9 26.3 12.2 14.9 46.5
3 72.0 24.6 11.9 14.9 48.5
4 75.6 25.1 12.7 16.1 46.0
5 71.6 26.4 10.4 14.4 48.9
UK 71.0 25.2 11.2 14.2 49.3
6 67.0 26.7 8.9 12.3 52.1
7 68.7 26.0 10.0 13.1 51.0
8 72.8 25.7 12.1 14.2 48.0
9 70.4 23.6 11.0 15.7 49.7
10 76.1 23.6 14.2 16.5 45.6
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Table S6. Qst values of all shared traits between Field and Common garden. For easier comparisons 
ɸst values from Table 3 were included.
Biomass 
Index
Inflorescence 
height
# Inflorescences # Flowers ɸst
ɸst 
AFLP
ɸst MS-
AFLP 
Field
ɸst MS-AFLP 
Common 
garden
Field
FR 0.2715 0.0000 0.0000 0.0000 FR 0.087 0.082 0.052
UK 0.0831 0.0758 0.0088 0.0593 UK 0.066 0.063 0.053
Common 
garden
FR 0.0768 0.1147 0.0677 0.0123
UK 0.0716 0.0000 0.0207 0.0004
Table S7. Outcome of partial Mantel tests per population where the correlation between phenotype 
and AFLP, corrected with MS-AFLP Field or MS-AFLP Common garden, and both MS-AFLP profiles 
corrected with AFLP were tested. Field traits were only tested with MS-AFLP Field and common garden 
traits were only tested with MS-AFLP Common garden. Correlations and p-values were derived from 
1500 permutations. Bold values indicate a p-value < 0.05.
AFLP MS-AFLP Field
Phenotype field r p-value r p-value
Biomass Index 0.46 0.027 -0.09 0.653
Inflorescence height -0.34 0.994 0.30 0.137
# Inflorescences -0.03 0.468 -0.15 0.736
# Flowers 0.05 0.258 -0.07 0.690
# Flowers per inflorescence 0.14 0.150 -0.03 0.552
AFLP MS-AFLP Common garden
Phenotype common garden r p-value r p-value
Biomass Index 0.51 0.001 -0.30 0.897
Inflorescence height 0.36 0.027 -0.32 0.912
# Inflorescences 0.43 0.019 -0.16 0.809
# Flowers 0.32 0.045 0.03 0.420
Bolting time -0.14 0.805 -0.25 0.904
Flowering time 0.03 0.348 -0.10 0.638
Reproductive biomass 0.47 0.003 -0.29 0.883
Non-reproductive biomass 0.71 0.003 -0.39 0.991
Total biomass 0.61 0.002 -0.36 0.973
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Table S8. Mantel tests based on individual AFLP. MS-AFLP Common garden and phenotypic traits 
from the common garden distance matrixes. Correlations and p-values were derived from 1500 
permutations. Bold values indicate a p-value < 0.05.
AFLP MS-AFLP Common garden
r p-value r p-value
MS-AFLP Common garden -0.06 0.80
Biomass Index 0.14 0.03 -0.03 0.64
Inflorescence height 0.04 0.26 -0.02 0.57
# Inflorescences 0.07 0.13 -0.03 0.69
# Flowers 0.01 0.38 -0.04 0.69
Bolting time 0.04 0.14 -0.04 0.83
Flowering time -0.01 0.62 0.01 0.27
Reproductive biomass 0.08 0.12 -0.05 0.72
Non-reproductive biomass 0.12 0.04 -0.02 0.57
Total biomass 0.12 0.05 -0.03 0.64
Supplementary methods
When the EcoRI/MspI and EcoRI/HpaII fragment profiles are combined the methylation 
status of the fragments can be determined, by the presence or absence of fragments. 
Non-methylated restriction sites are cut by both enzymes (Type I), MspI only cuts when 
the internal cytosine is hemi- or fully- methylated (Type II), while HpaII only cuts when the 
external cytosine is hemi-methylated (Type III). When the restriction site is fully methylated 
or has a different nucleotide sequence due to a polymorphism neither enzymes cut (Type 
IV), which is an informative state because it is unknown why fragments are missing (Vergeer 
et al. 2012, Schulz et al. 2013). For the AFLP we selected six EcoRI/MseI primer combinations 
(AAC/CAC, AAC/GCA, AAC/GAA, AAC/CAA, AAC/CAT AND ATA/CGT) and five EcoRI/MspI-
HpaII primer combinations for the MS-AFLP analysis (ACA/TAC, ACA/TCA, ACA/TAG, ACA/
TGC and AAC/TAC).
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Maternal and paternal effects of jasmonic acid treatment 
on Scabiosa columbaria herbivore resistance
Groot, M.P.1, Wagemaker, N.1, Ouborg, N.J.1, de Kroon, H.1, Verhoeven, K.J.F.2, Vergeer, P.3 
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ABSTRACT
Environmental parental effects are ubiquitous in nature and well documented in both plants 
and animals. Parental effects can influence offspring traits not only during early life stages 
but also throughout its life cycle. In plants, parental effects of herbivory are relatively well 
studied and are commonly found after herbivory by insects, by mechanical damaging and 
jasmonic acid (JA) administration. It is often assumed that parental effects are mostly caused 
by the maternal phenotype and environment, but recent studies suggest that paternal 
effects can also influence offspring phenotype in an adaptive matter. We exposed the 
outcrossing perennial Scabiosa columbaria to simulated herbivory by applying JA to seed 
parents and pollen donors, and made crosses between treated plants and plants treated 
with a mock treatment, in a full factorial design. We evaluated how JA treatment of parental 
plants affects caterpillar survival and feeding preference in unexposed offspring plants. The 
treatment of both mother and father plants with JA led to an increase in plant biomass and 
a reduced growth and survival of a generalist herbivore. JA treatment of only mother plants 
had a quantitatively different effect on offspring traits than JA treatment of both parents. 
Maternal JA treatment effects tended to be stronger than paternal JA treatment effects, 
but this difference was never statistically significant. Parental JA treatments did not affect 
initial caterpillar feeding choice when offered leaf tissue from offspring of the four parental 
treatments. Our results suggest that although environmental induced parental effects are 
mostly maternally induced, both maternal and paternal plants are able to contribute to 
offspring phenotype in an additive and possible adaptive matter. 
Keywords: maternal effects, paternal effects, jasmonic acid, Spodoptera exigua
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INTRODUCTION
Not only the current environment can influence a plant’s phenotype, through phenotypic 
plasticity, but also the parental environment may influence an individual’s phenotype 
considerably (Hereford and Moriuchi 2005, Sultan et al. 2009, Verhoeven and van Gurp 2012, 
Suter and Widmer 2013). Parental effects are ubiquitous in nature and well documented in 
both plants and animals, although their underlying mechanisms are often unknown (Roach 
and Wulff 1987, Räsänen and Kruuk 2007, Dechaine et al. 2015). In plants these effects can 
influence offspring traits not only during early life stages but also throughout its life cycle 
(Galloway and Etterson 2007, Herman et al. 2012, Latzel et al. 2014). Several mechanisms are 
suggested to mediate parental effects (Holeski et al. 2012, Verhoeven and van Gurp 2012). 
Candidate mechanisms include maternal provisioning of seeds (Roach and Wulff 1987, 
Galloway 1995) and the inheritance of environmentally induced epigenetic modifications, 
which include mechanisms like DNA methylation and small RNAs (Rapp and Wendel 2005, 
Scoville et al. 2011, Luna et al. 2012, Rasmann et al. 2012, Heard and Martienssen 2014). 
In plants within-generation responses to herbivory, or to simulated herbivory, can lead to 
an increase in plant resistance to herbivores or a quicker response upon secondary exposure 
(for example, see Van Dam et al. 2004, Frost et al. 2008, Kim and Felton 2013, Pastor et al. 
2013). These priming responses are often long lasting, and are considered as a cost-saving 
strategy (Karban 2011, Worrall et al. 2012). Additionally parental effects of herbivory are 
relatively well studied and frequently observed in plants (Holeski et al. 2012). Parentally 
induced defences are found after herbivory by different insects as well as after simulated 
herbivory by mechanical damaging or jasmonic acid (JA) administration (Agrawal et al. 
1999a, Agrawal 2002, Holeski 2007, Scoville et al. 2011, Rasmann et al. 2012, Verhoeven and 
van Gurp 2012, Holeski et al. 2013). JA is a plant hormone and is important in plant defence 
responses against herbivory (Creelman and Mullet 1997, Preston et al. 1999). Offspring 
responses to parental (simulated) herbivory can be measured by phenotypic changes in 
offspring plants (Agrawal 2001, Holeski 2007, Scoville et al. 2011), especially in traits directly 
related to defence against herbivory like trichomes. Another method to evaluate the induced 
offspring defence is by evaluating herbivore growth or feeding preference when exposed to 
offspring from treated and non-treated plants (Agrawal et al. 1999a, Rasmann et al. 2012, 
Verhoeven and van Gurp 2012). Several studies that measured both phenotypic changes 
and herbivore responses in offspring of plants treated with (simulated) herbivory found little 
or no phenotypic differences between treated and control offspring, while they did found 
significant herbivore responses (Agrawal et al. 1999a, Rasmann et al. 2012, Verhoeven and 
van Gurp 2012). 
It is often assumed that environmental parental effects are mostly caused by the 
maternal phenotype and environment. The maternal plant does determine the provisions 
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for the offspring and approximately two thirds of the genetic material and all of the 
cytoplasmic DNA in the endosperm are of maternal origin (Galloway 2001a). The paternal 
influence on offspring is only prezygotic and is often assumed to be less important or absent 
(Mousseau and Fox 1998, Galloway 2001b, Hereford and Moriuchi 2005). The evolutionary 
and ecological consequences of paternal effects are poorly understood and while there is 
growing evidence for their existence it is unclear if they are adaptive or merely physiological 
side-effects (Crean et al. 2013). Most studies on paternal effects have focussed on animals 
rather than plants, most likely because animals often exhibit paternal care, a clear example 
of non-genetic adaptive paternal effects (Crill et al. 1996, Magiafoglou and Hoffmann 2003, 
Bonduriansky and Head 2007, Crean et al. 2013, Crean and Bonduriansky 2014, Dias and 
Ressler 2014). Nevertheless, there is evidence that environmental paternal effects influence 
pollen quality (Schmid and Dolt 1994, Agrawal et al. 1999b, Galloway 2001a, b) and also 
influences offspring traits (Lacey 1996, Etterson and Galloway 2002). In addition, small RNAs 
can be transmitted via pollen, which could mean that small RNAs are a possible mechanism 
for paternal effects mediated by gene expression regulation in plants (Slotkin et al. 2009, 
Boyko et al. 2010, Curley et al. 2011). 
In plants seeds often disperse near the maternal plant and therefore it is more likely 
that offspring will experience an environment similar to its mother, which makes that the 
maternal environment is a good prediction of the offspring environment (Galloway and 
Etterson 2007). Especially in outcrossing plans pollen movement is often greater than seed 
movement because winds and insects disperse pollen throughout the population, which 
makes the paternal environment a less good prediction of the offspring environment 
(Galloway 2005). A recent model study confirmed that the information from the paternal 
plant is of less importance as compared to maternally based information, especially 
with high pollen dispersal (English et al. 2015). In the heterogeneous environment that 
English and others (2015) modelled the autocorrelation between paternal and offspring 
environments was reduced with high pollen dispersal, and thus the importance of the 
information contributed by the paternal plant was less than the information contributed by 
the maternal plant (English et al. 2015). However, even if the importance of the information 
from the father is low hypothetically there are situations when the value of the information 
added by the father is sufficiently high, for instance if the additive effect of maternal and 
paternal environments is sufficiently high or when the offspring cue is uninformative and 
when fathers and not mothers show environment specific phenotypes (English et al. 2015). 
Here, we test the hypothesis that not only maternal JA treatment but also paternal 
JA treatment alters offspring interactions with herbivores. We exposed the outcrossing 
perennial Scabiosa columbaria to simulated herbivory by administering JA. There was JA or 
mock exposure in fathers or mothers, in a full factorial design with all combinations. This 
led to four different offspring groups: both parents exposed to JA, only mothers exposed 
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to JA, only fathers exposed to JA and none of the parents exposed to JA. We evaluated 
how parental treatments affect caterpillar survival and feeding preference in unexposed 
offspring plants. Specifically we asked the following questions: Does treatment with JA lead 
to phenotypic differences in the parental and offspring generation? Are there differences in 
caterpillar weight and survival when they are reared on offspring from parents with different 
JA treatments? Is there an effect of parental JA treatment on caterpillar feeding preference? 
MATERIAL AND METHODS
Plant material
S. columbaria is protandrous perennial that grows in dry calcareous grasslands (Van Treuren 
et al. 1991). It is pollinated by insects and outcrossing rates in natural populations are high 
(Van Treuren et al. 1994). Two large (>5000 individuals) S. columbaria populations in the 
United Kingdom were visited to collect seed material (See supplementary Table S1). Both 
locations were grasslands in nature reserves and large herbivores were excluded. Seeds 
of 20 plants were collected from each population and were stored in paper bags at room 
temperature until used for germination.
Parental generation (P)
Seeds were placed in a petri dish with filter paper, which was moistened with deionized 
water. Seedlings were placed in soil plug trays with a 1:3 mixture of sieved potting soil 
and sand and were kept in a climate chamber until they reached the four-leaf stadium. 
Subsequently all individual seedlings were transplanted in pots (diameter 13 cm) and grown 
on the above mentioned soil mixture, with the addition of 4mg Dolokal (Sibelco, Maastricht, 
The Netherlands), which led to a soil pH of ~7.5, per pot. All pots were placed randomly in 
a glasshouse. When the plants were three months old the siblings of each parental plant 
(family) were distributed evenly over two treatment groups, jasmonic acid (JA) and Mock 
(M). Population 1 consisted of 9 families, with 38 JA and 41 M replicates, and population 2 
consisted of 18 families with 112 JA and 118 M replicates. JA and M solutions were prepared 
according to Van Dam et al., 2004. Both JA and M treatments had a pH of 3.5, lowered with 
HCL in the Mock treatment, JA was dissolved in 0.1% Triton X-100 in 0.5% EtOH and the 0.1% 
Trition X-100 in 0.5% EtOH was also added to M treatment. Plants receiving JA treatment 
received 5 ml jasmonic acid solution (20mg/l) injected into the soil using a pipette tip that 
was shallowly inserted in the soil next to the plant (Van Dam et al. 2004). And 50µl ml 
jasmonic acid solution (20mg/l) was applied to the leaves in small droplets. Mock treatment 
was similar. After three and five months the treatment was repeated for all plants, before 
plants started flowering. 
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Biomass index (i.e., the product of the number of leaves and the length and width of 
the largest leaf; a non-destructive way to measure biomass (Vergeer et al. 2012, Angeloni 
et al. 2014)) was measured two months after the last treatment when all plants were a 
year old. Flowering time was recorded once a week. Four different mother-father treatment 
crosses were made. Both mother and father treated with JA (JA-JA), both mother and father 
mock-treated (M-M), the mother treated with JA and the father mock-treated (JA-M) and 
the mother mock-treated and the father with JA (M-JA). Each flower was pollinated with 
pollen from 3 different paternal flowers from different families. Only within-populations 
crosses were made. Flowers were bagged to prevent unintentional pollination with coloured 
organza bags. At week 47, after most plants had ceased flowering and seeds had ripened, 
all plants were harvested and seeds collected. Additionally inflorescence height and total 
number of flowers were measured. 
Offspring generation (F1)
All available seeds per population were used for germination. Seedlings were treated similar 
to the parental generations, with the exception of the soil mixture that was a 1:1 mixture 
of sand and sieved potting soil, with 4 mg Dolokal (Sibelco, Maastricht, The Netherlands) 
per pot (diameter 13 cm). Because not all crosses were successful, in the F1 population 1 
consisted of 3 families, with 30 M-M, 7 M-JA, 8 JA-M and 5 JA-JA replicates. Population 2 
consisted of 10 families with a total of 62 M-M, 60 M-JA, 66 JA-M and 98 JA-JA replicates. 
Not all families were present in all four offspring groups. Biomass index was measured three 
and six weeks after transplanting into individual pots. Before the onset of flowering, 14 
weeks after transplantation, two different caterpillar experiments were started, using only 
population 2 due to the low number of replicates in population 1. For both experiments 
the beet armyworm Spodoptera exigua, a generalist herbivore species, was used (Agrawal 
1999). S. exigua eggs were obtained from ENTOCARE C.V. (Wageningen, the Netherlands).
Caterpillar growth experiment
For the growth experiment 5 first instar S. exigua neonates were placed in a petri dish on moist 
filter paper and supplied with a fresh, young, S. columbaria leaf, from a single plant, that was 
changed every other day. We used six different families and each offspring group consisted 
of multiple families, with a total of 29 M-M, 12 M-JA, 11 JA-M and 27 JA-JA replicates. Petri 
dishes were placed randomly in a climate cabinet with a 27°C/18°C (day/night) temperature 
regime, long day (16h/8h, day/night) and 70% RH. Caterpillar fresh weight was determined 
at day 25 and day 38. The number of surviving S. exigua was counted at day 11, 19, 25, 31, 
36, 40, 43, 45, 47, 52 and 54 of the experiment. 
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Cafeteria experiment
The cafeteria experiment was set up as a food choice assay. A different set of caterpillars 
than for the survival experiment was reared on an artificial diet (supplementary Table S2. 
for ingredients) in a climate cabinet with a 27°C/18°C (day/night) temperature regime, long 
day (16h/8h, day/night) and 70% RH (Hoffman et al. 1996). For the experiment individual 
caterpillars were offered the choice between four leaf discs of two different parental 
treatments. This led to six different combinations, JAJA-JAM with 19 replicates, JAJA-MJA 
with 12 replicates, JAJA-MM with 20 replicates, JAM-MJA with 11 replicates, MM-JAM with 
18 replicates and MM-MJA with 12 replicates. In order to minimize the possible differences 
between plant families (shared grandmother) all leaf discs in a petri dish were from the 
same family, and five families were used. A single S. exigua (3rd or 4th instar) was placed in 
the centre of a petri dish on moist filter paper on which 4 alternating leaf discs (0.33 cm2) 
were placed (see Fig. 1). All caterpillars were weighed at the start of the experiment. The 
leaf disc that was first approached by the caterpillar was noted as first preference, and time 
spent at the leaf disc was recorded as well. After 1 hour the preference was noted again, 
as the leaf disc the caterpillar was on after 1 hour or as NA when the caterpillar was not on 
a leaf disc. After 24 hours caterpillars were removed and weighed and a picture (Camera: 
Canon EOS 400D) was made to determine the amount of leaf surface eaten from each leaf 
disc. All pictures were analysed using ImageJ (Abràmoff et al. 2004). The C/N ratio of dried 
plant material was determined using an elemental analyser (Carlo Erba NA1500, Thermo 
Fisher Scientific, Waltham, MA, U.S.A.) and SLA of all leaf discs was determined after the 
caterpillar was removed (Garnier et al. 2001).
Figure. 1. Start of the cafeteria experiment. Shown are the four leaf discs and in the middle the single 
S. exigua. 
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Statistical analysis
The analysis of the phenotypic measurements in both the P and F1 generation tested for 
effects of population and parental treatment. In the P generations plants were treated with 
either JA or M and there were two levels. In the F1 populations there were four parental 
treatment levels, (M-M, M-JA, JA-M and JA-JA), based on the treatment of the parents 
and not on treatment of the offspring. For the analysis in both P and F1 generalized linear 
mixed models were performed with population and treatment as fixed factors and family as 
random factor. Population was added as a fixed factor to account for main effect differences 
between populations and to allow us to test for the interaction between population and 
treatment, to be able to test if the populations responded differently to the treatments. 
All models, besides flowering time and number of flowers, were adjusted for variance 
heterogeneity using the varIden function in the R package nlme (Pinheiro et al. 2015). Group 
differences were determined using Tukey post hoc tests.
For the growth experiment generalized linear mixed models were performed as well, 
for caterpillar weight at day 25 and day 38 with parental treatment as fixed factor, and 
family as a random factor, and variance was adjusted for variance heterogeneity using the 
varIden function (Pinheiro et al. 2015). Group differences were determined using Tukey 
post hoc tests. Additionally we performed a parametric survival regression model with a 
Weibull distribution using the survreg() function from the survival R package (Therneau 
and Grambsch 2000, Therneau 2015) in order to compare caterpillar survival between 
experimental groups. 
In the cafeteria choice assay the first choice and the choice after 1 hour were tested 
using tests of equal or given proportions from the stats package in R (R Core Team 2015). 
The time spent on the first choice and the amount of leaf surface eaten was tested with 
t-tests per treatment combination. Additionally an ANCOVA was performed for caterpillar 
weight, with caterpillar weight at the start as covariate. Differences between parental 
treatment groups in C/N ratio and SLA were tested with generalized linear mixed models 
with parental treatment as fixed factor and family as random factor. The SLA model was 
adjusted for variance heterogeneity using the varIden function from the R package nlme 
(Pinheiro et al. 2015).
RESULTS
Parental traits
In the parental generation biomass and flowering showed significant differences between 
populations. However, none of the measured traits showed a significant difference between 
the JA and M treatments (Fig.2 and Table 1). 
R1
R2
R3
R4
R5
R6
R7
R8
R9
R10
R11
R12
R13
R14
R15
R16
R17
R18
R19
R20
R21
R22
R23
R24
R25
R26
R27
R28
R29
R30
R31
R32
R33
R34
R35
R36
R37
R38
R39
Maternal and paternal effects
61
3
Ta
bl
e 
1.
 R
es
ul
ts
 o
f 
th
e 
lin
ea
r 
m
ix
ed
-e
ff
ec
ts
 m
od
el
 A
N
O
VA
 (
Ty
pe
 I)
 o
f 
JA
 t
re
at
m
en
t 
eff
ec
t 
in
 t
he
 p
ar
en
ta
l g
en
er
ati
on
. S
ig
ni
fic
an
t 
p-
va
lu
es
 (
<0
.0
5)
 a
re
 
in
di
ca
te
d 
in
 b
ol
d.
Pa
re
nt
al
 g
en
er
ati
on
Bi
om
as
s 
in
de
x 
w
k 
16
Fl
ow
er
in
g 
ti
m
e
In
flo
re
sc
en
ce
 h
ei
gh
t
N
o.
 o
f fl
ow
er
s
nu
m
D
F
de
nD
F
F-
va
lu
e
p-
va
lu
e
de
nD
F
F-
va
lu
e
p-
va
lu
e
de
nD
F
F-
va
lu
e
p-
va
lu
e
de
nD
F
F-
va
lu
e
p-
va
lu
e
Po
pu
la
ti
on
1
28
11
.4
0.
00
2
24
12
.0
0.
00
2
27
1.
31
0.
26
2
27
3.
68
0.
06
6
Tr
ea
tm
en
t
1
28
1
0.
01
0.
92
5
11
0
1.
99
0.
16
1
12
2
1.
62
0.
20
6
12
2
0.
85
0.
35
9
Po
pu
la
ti
on
 ×
 
Tr
ea
tm
en
t
1
28
1
0.
36
0.
55
1
11
0
0.
00
1
0.
97
5
12
2
0.
38
0.
53
7
12
2
2.
29
0.
13
3
nu
m
D
F 
is
 t
he
 n
um
be
r 
of
 t
re
at
m
en
t 
gr
ou
ps
 a
nd
 d
en
D
F 
is
 t
he
 n
um
be
r 
of
 r
ep
lic
at
es
 p
er
 g
ro
up
R1
R2
R3
R4
R5
R6
R7
R8
R9
R10
R11
R12
R13
R14
R15
R16
R17
R18
R19
R20
R21
R22
R23
R24
R25
R26
R27
R28
R29
R30
R31
R32
R33
R34
R35
R36
R37
R38
R39
Chapter 3
62
1 2
Bi
om
as
s 
in
de
x
0
50
00
10
00
0
15
00
0
20
00
0
Mock
Jasmonic acid
a
1 2
Fl
ow
er
in
g 
tim
e 
(w
k)
0
5
10
15
20
25
30
b
1 2
# 
flo
w
e
rs
0
5
10
15
20
25
30
c
1 2
In
flo
re
sc
en
ce
 h
ei
gh
t
0
10
20
30
40
50
d
Figure. 2. Effects of JA treatment (± SE) for all measured traits: biomass index (a), flowering time (b), 
number of flowers (c) and inflorescence height. There were no significant differences between JA and 
M treatment.
Offspring traits
In the offspring generation biomass index was measured at week 3 and week 6 after 
seedling transplantation. At the first measurement the four parental treatment groups 
were not significantly different, but there was a marginally significant effect of population 
on biomass index after 3 weeks (Table 2, supplementary files Fig. S1). After 6 weeks the 
biomass index showed significant effects of parental treatment and population (Fig. 3 and 
Table 2). Offspring from M-M treated parents had the smallest biomass in both populations 
and offspring from JA-JA treated parents had the biggest biomass. Offspring from a single 
treated parent (maternal JA and paternal mock treatment (JA-M) or maternal mock and 
maternal JA treatment (M-JA) showed intermediate responses. 
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Table 2. Results of the linear mixed-effect model ANOVA (Type I) for biomass index in the offspring (F1) 
generation. Significant p-values (<0.05) are indicated in bold. 
F1 generation
Biomass index wk 3 Biomass index wk 6
numDF denDF F-value p-value denDF F-value p-value
Population 1 12 3.79 0.075 12 4.39 0.058
Parental treatment 3 306 1.11 0.345 302 4.80 0.003
Population × Parental 
treatment
3 306 0.69 0.559 302 0.39 0.762
numDF is the number of treatment groups and denDF is the number of replicates per group
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Figure. 3. Offspring from JA and M treated plants with both parents treated with M (M-M), paternal 
treatment with JA (M-JA), maternal treatment with JA (JA-M) and both parents treated with JA 
(JA-JA). Biomass index after 6 weeks (± SE) is shown for population 1 (a) and population 2 (b). The 
significant differences between the groups were identified by post hoc comparisons and are indicated 
by lowercase letters. 
Caterpillar growth experiment
In the caterpillar growth experiment caterpillars were exclusively grown on plants that were 
offspring of one of the four parental treatments. Caterpillar weight after 25 and 38 days 
both showed a significant effect of parental treatment (Table 3). However, post hoc tests 
did not detect significant differences in caterpillar weight between individual groups after 
25 days. After 38 days caterpillars grown in M-M treated plants were significantly bigger 
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than caterpillars grown on JA-JA plants (Fig. 4). The M-JA and JA-M treatments did not differ 
significantly from the M-M or JA-JA treatments.
Table 3. Results of the linear mixed-effect model ANOVA of parental treatment effects on caterpillar 
weight after 25 and 38 days. Significant p-values (<0.05) are indicated in bold.
Day 25 Day 38
numDF denDF F-value p-value denDF F-value p-value
Parental treatment 3 181 2.72 0.05 62 2.83 0.05
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Figure. 4. Caterpillar weight (± SE) when raised on one of the four offspring treatment groups, in the 
growth experiment, measured at day 25 (a) and day 38 (b). The significant differences between the 
groups were identified by post hoc comparisons and are indicated by lowercase letters. 
During the experiment caterpillar survival was low and few caterpillars reached the pupa 
stadium. Effects of treatments on caterpillar survival were similar to effects of caterpillar 
weight, with caterpillars fed on M-M surviving longer than caterpillars grown on JA-JA (Fig. 
5 and Table 4). The survival curves for M-JA and JA-M grown caterpillars did not differ from 
M-M (Table 4).
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Figure. 5. Kaplan-Meier survival curve for the caterpillar growth experiment. Shown are differences 
in caterpillar survival when they were reared on one of the four different offspring groups. Significant 
differences between groups are shown in Table 4.
Table 4. Results of the survival analysis of parental treatment effects on caterpillar survival. Survival 
was determined with caterpillars from the growth experiment. Scale is 0.395 (p-value <0.0001), 
indicating that risk of death decreases with age. Significant p-values (<0.05) are indicated in bold.
Value z-value p-value
M-M = M-JA 0.00469 0.07 0.943
M-M = JA-M 0.11830 1.88 0.060
M-M = JA-JA 0.22191 4.45 <0.0001
Cafeteria experiment
Caterpillar first choice was only significantly different between the JAJA-MJA (both parents 
treated with JA versus paternal treatment with JA) combination and caterpillars chose 
more often for the JA-JA leaf discs (Fig. 6a and Table 5). In all other combinations caterpillar 
choice showed no bias to a specific treatment. For time spent on the leaf disc that was first 
approached by the caterpillar the only combination with a significant difference was JAM-
MM (maternal treatment with JA versus both parents treated with Mock), with caterpillars 
spending more time on the JA-M leaf discs than on M-M leaf discs (Fig. 6b and Table 5). 
After an hour caterpillar preference was checked again and did not differ between 
the treatments for all combinations (Fig. 6c and Table 5). Caterpillar weight at the start of 
the cafeteria experiment determined caterpillar weight after 24 hours, but there were no 
differences in caterpillar weight between treatment combinations (Fig. 6d and Table 6). 
R1
R2
R3
R4
R5
R6
R7
R8
R9
R10
R11
R12
R13
R14
R15
R16
R17
R18
R19
R20
R21
R22
R23
R24
R25
R26
R27
R28
R29
R30
R31
R32
R33
R34
R35
R36
R37
R38
R39
Chapter 3
66
The amount of eaten leaf surface was only significantly different in the JAJA-MJA 
combination, and showed that more leaf material was eaten from the MJA treatment (Fig. 
6e and Table 5). We found no significant differences in C/N ratios and SLA between parental 
treatments (supplementary files Fig. S2 and Table S3). 
Table 5. Results of the cafeteria experiment that evaluated parental treatment effects on initial 
caterpillar choice. Per test only two parental groups were offered which led to six different test 
combinations. The first preference and preference after 1 hour were tested with probability tests and 
time at first preference and leaf surface eaten were tested with t-tests. Significant p -values (<0.05) are 
indicated in bold.
First 
preference
Time at first 
preference (sec)
Preference 
after 1h
Leaf surface eaten 
(cm2)
Test combination p-value t-value p-value p-value t-value p-value
JAJA-JAM 1.00 -0.04 0.97 0.30 -0.53 0.60
JAJA-MJA 0.04 -0.73 0.48 0.18 -2.41 0.02
JAJA-MM 0.26 -1.19 0.27 1.00 -1.14 0.26
JAM-MJA 1.00 0.59 0.57 0.72 0.06 0.95
JAM-MM 0.07 2.83 0.01 0.58 0.19 0.85
MJA-MM 0.55 -0.57 0.58 1.00 0.84 0.40
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Figure. 6. Cafeteria experiment with caterpillar first preference (a), time spent at first preference (± 
SE) (b), caterpillar preference after 1 hour (c), caterpillar weight difference after 24 hours (d) and leaf 
surface eaten (cm2) after 24 hours (± SE). Significant differences are shown in Table 6.
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Table 6. Results of the linear model ANCOVA for caterpillar weight in the cafeteria experiment. 
Significant p-values (<0.05) are indicated in bold.
Caterpillar weight (mg)
Df F-value p-value
Caterpillar weight start 1 320 <0.001
Test combination 5 0.18 0.970
Residuals 86
DISCUSSION
In this study we evaluated the contribution of maternal and paternal JA treatments on 
offspring traits and herbivory. We did not find effects of JA treatment in the parental plants, 
but offspring plants showed an increase in biomass when the maternal plant was treated 
with JA and when both parents were treated. Additionally treatment of both parents with JA 
led to reduced growth and survival of a generalist herbivore. Parental effects tended to be 
weaker when only one parent was JA-treated compared to treatment of both parents. Our 
results suggest that both maternal and paternal plants contribute to environmental parental 
effects, but that maternal effects contribute more than paternal effects. 
Plant performance 
In our study S. columbaria plants were treated before flowering but when plant size was 
relatively well established and therefore major treatment effects on biomass and flowering 
were not expected. In the parental generation none of the measured traits showed an effect 
of JA treatment, although both biomass and flowering time showed a significant effect of 
population. The phenotypic responses to JA treatment differ between species and studies. 
Secondary metabolite that are produced after JA treatment can influence plant growth and 
fitness (Creelman and Mullet 1997). Studies have found negative, positive and no effects 
of JA treatment on plant biomass and other traits, including delayed flowering and a lower 
pollen number (Agrawal 1999, Agrawal et al. 1999b, Van Dam and Baldwin 2001, Van Dam 
et al. 2004, Latzel et al. 2012, Rasmann et al. 2012). Although it appears as if there could be 
some fitness costs of induced defences in the absence of herbivory, these do not necessarily 
happen. 
Caterpillar performance
In our study caterpillars were weighed after 25 days, and while the parental treatment 
did significantly influence their weight, the differences between paternal treatments were 
expressed more clearly after 38 days than after 25 days. Other studies found parental effects 
on caterpillar weight after a feeding period of only 4 to 7 days (Agrawal et al. 1999a, Agrawal 
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2002, Rasmann et al. 2012). While S. exigua is a generalist species with over 90 known host 
species (Greenberg et al. 2001, Chen et al. 2008), they did not perform well on S. columbaria. 
For instance, other studies found developmental times (from first instar to prepupae, under 
similar temperatures) of about 17 days (Greenberg et al. 2001, Karimi-Malati et al. 2014). 
In our study caterpillar weight was low compared to the above-mentioned studies, the first 
transition to pupa was after 40 days, and the survival curve shows that most caterpillars did 
not survive till the pupa stage, even though survival rates are usually fairly high (Karimi-Malati 
et al. 2014). A study on a related species, Spodoptera litura, showed that developmental 
time increased significantly when the caterpillars were fed a diet of poor quality (Itoyama et 
al. 1999), and similar results were found for S. exigua (Chen et al. 2008). Our results show 
that S. columbaria very likely represented a poor diet for S. exigua caterpillars. Despite this 
poor diet we did find differences in caterpillar weight and caterpillar survival between the 
different parental groups. JA treatment of the parents has been previously shown to affect 
the choice S. exigua makes, where they preferred offspring of control plants over offspring 
of JA-treated plants (Verhoeven and van Gurp 2012). In this study S. exigua choice is less 
clear and even after 24 hours caterpillars often consumed only a small amount of the leaf 
discs. Additionally the time spent at the first leaf disc was recorded, but caterpillars typically 
only spent a few seconds on the leaf disc, without feeding. For consumed leaf area at the 
end of the choice assay only a single comparison (JAJA versus MJA) showed a significant 
differences. There was more leaf area consumed of the MJA (paternal treatment with JA) 
group, but we would expect similar significant differences between the JAJA (both parents 
treated with JA) versus the MM (both parents treated with M) group. Despite suggestions 
that caterpillar choice may be affected by different parental treatments the results are 
indistinct, and likely significant results will cease to be significant after multiple testing 
corrections. Because in the growth experiment differences between treatments became 
evident only after a period of time, a possible explanation for the absence of clear consistent 
results in the cafeteria experiment could be that 24 hours is a too short time period to study 
the responses to S. exigua specific to S. columbaria. However, for other plant species they 
were evident after 30 minutes with leaf discs to 24 hours with whole leaves (Chen et al. 
2008, Verhoeven and van Gurp 2012).
In retrospect S. columbaria was not the most suitable host for S. exigua, because 
caterpillar life history and survival were negatively affected. Future studies that combine S. 
columbaria to herbivory effects might want to use Abia sericea (scabious sawfly) of which 
the larvae feed on various Dipsacus species including S. columbaria. But this species is not 
commercially available, complicating the experimental design.
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Paternal versus maternal effects
We found effects of parental JA induction in both offspring biomass and in resistance to 
herbivores. Our results suggest that environmental parental effects are enhanced when 
both parents were exposed to a similar environmental stress. Our results suggest that the 
maternal plant contributes more to parental effects than paternal plants do, but they also 
show that paternal effects do have an effect on offspring phenotype. 
While the importance of adaptive maternal effects become increasingly clear (Herman 
and Sultan 2011, Burgess and Marshall 2014), the evolutionary and ecological benefits of 
paternal effects are less obvious (Crean and Bonduriansky 2014).
Often maternal effects are considered to be stronger than paternal effects (Hereford and 
Moriuchi 2005, English et al. 2015), because the paternal contribution is only prezygotic and 
the mother determines seed provisioning and seeds develop on the maternal plant (Galloway 
2001a). Additionally when seeds develop near the mother plant the information from the 
maternal environment provides a more reliable source of information than the paternal 
environment for predicting offspring environments, especially when pollen dispersal is high 
(Galloway 2005, English et al. 2015), Thus, there are both proximate and ultimate arguments 
for stronger maternal than paternal environmental effects. However, pollen dispersal often 
depends on the foraging behaviour of pollinators. Pollinators often visit multiple flowers on 
the same plant, especially if a plant has many flowers, thus promoting geitonogamy (when 
pollen is transferred between flowers of the same plant), and pollinators will likely first visit 
neighbouring plants bearing flowers than plants further away (Barrett and Harder 1996, 
Barrett 1998, Fisogni et al. 2011). Therefore it appears likely that the paternal plant is often 
in close proximity to the maternal plant and that they thus share a similar environment. 
There is evidence that paternal effects can also adaptively alter the phenotype of their 
offspring and increase offspring fitness, or that there is an additive effect of both maternal 
and paternal environments (Galloway 2001b, a, Crean et al. 2013). Our results showed that 
the paternal environmental effect by itself may not be strong enough to cause a significant 
difference with offspring from control plants, but when both parents were exposed to JA the 
maternal effects were enhanced. 
Expression of parental effects during the offspring life cycle
In offspring the phenotypic effects of parental JA treatments have been found to lessen after 
seedling stage (Agrawal et al. 1999a, Agrawal 2001, 2002). However, also significant offspring 
differences have been found in adult plants (Holeski 2007, Scoville et al. 2011, Verhoeven 
and van Gurp 2012). Interestingly in our study we did not find initial differences between 
parental treatments in biomass but these differences developed only after a period of time. 
This indicates that these differences for plant biomass were likely not the result of maternal 
provisioning, because in that case strong effects at the seedling stage are expected. While 
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the underlying mechanism for these delayed effects are unknown, there are many examples 
of paternal effects influencing plant traits throughout the life cycle (Galloway and Etterson 
2007, Herman et al. 2012, Latzel et al. 2014).
Conclusion
Offspring from plants treated with JA showed that maternal treatment had a quantitatively 
different effect on offspring traits than when both parents were JA treated. Maternal JA 
treatment effects tended to be stronger than paternal JA treatment effects, but this 
difference was never statistically different, and the combined effect of both maternal and 
paternal JA treatment showed the strongest effects. These parental effects were not only 
shown in plant traits but also in caterpillar weight and survival when they were reared on 
the four offspring groups. Which resulted in increased mortality and decreased caterpillar 
weight when both parents were treated with JA. Differentiating between maternal and 
paternal effects allowed us to assess the assumption that parental effects are mostly 
maternally mediated. Our results suggest that although environmental induced parental 
effects are mostly maternally induced, both maternal and paternal plants contribute to 
offspring phenotype in an additive and possibly adaptive matter. 
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Supplementary tables 
Supplementary Table S1. Site properties of sampled S. columbaria populations.
Population Latitude Longitude Altitude (m asl) Population size
1 51,664833 -0,946 240 1000-5000
2 54,687056 -1,516056 109 5000
Supplementary Table S2. Ingredients and amounts for the artificial Spodoptera exigua diet.
Ingredient Amount
Corn flour 80 g
Yeast extract 25 g
Wheat germ 25 g
Ascorbic acid 4 g
Sorbic acid 1 g
Methyl-4hydroxybenzoate 0.8 g
Streptomycin 0.05 g
Agar 8 g
Linseed oil 1.5 ml
Deionized water 500 ml
Supplementary Table S3. Results of the linear mixed-effect model ANOVA table of parental treatment 
effects on C/N ratio and SLA based on the leaf discs from the cafeteria experiments.
C/N SLA
numDF denDF F-value p-value denDF F-value p-value
Parental treatment 3 68 1.12 0.35 344 0.56 0.65
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Supplementary figures 
M−M M−JA JA−M JA−JA
F1 pop 1
0
500
1000
1500
2000
2500
3000
Bi
om
as
s 
in
de
x 
(w
k 3
)
n.s.
M−M M−JA JA−M JA−JA
F1 pop 2
0
500
1000
1500
2000
2500
3000
M−M
M−JA
JA−M
JA−JA
Figure S1. Offspring from JA and M treated plants with both parents treated with M (M-M), paternal 
treatment with JA (M-JA), maternal treatment with JA (JA-M) and both parents treated with JA (JA-JA). 
Biomass index after 3 weeks (± SE) is shown for population 1 (a) and population 2 (b). There were no 
significant differences between the groups. 
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Figure S2. C/N ratio (a) and SLA (b) (± SE) based on leaf discs from the cafeteria experiments. There 
were no significant differences between the different offspring groups.
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ABSTRACT
Plant phenotypes can be affected by environments experienced by their parents. Parental 
environmental effects are reported for the first offspring generation and some studies 
showed persisting environmental effects in second and further offspring generations. 
However, the expression of these transgenerational effects proved context-dependent and 
their reproducibility can be low. Here we study the context-dependency of transgenerational 
effects by evaluating parental and transgenerational effects under a range of parental 
induction and offspring evaluation conditions. We systematically evaluated two factors that 
can influence the expression of transgenerational effects: single- versus multiple-generation 
exposure and offspring environment. For this purpose, we exposed a single homozygous 
Arabidopsis thaliana Col-0 line to salt stress for up to three generations and evaluated 
offspring performance under control and salt conditions in a climate chamber and in a 
natural environment. 
Parental as well as transgenerational effects were observed in almost all traits and all 
environments and traced back as far as great-grandparental environments. The length 
of exposure exerted strong effects; multiple-generation exposure often reduced the 
expression of the parental effect compared to single-generation exposure. Furthermore, 
the expression of transgenerational effects strongly depended on offspring environment 
for rosette diameter and flowering time, with opposite effects observed in field and 
greenhouse evaluation environments. Our results provide important new insights into the 
occurrence of transgenerational effects and contribute to a better understanding of the 
context-dependency of these effects. 
Key words: Arabidopsis thaliana, grandparental effects, great-grandparental effects, 
parental effects, salt stress, transgenerational plasticity
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INTRODUCTION
In plants phenotypic changes are determined not only by the environment, genotype 
and their interactions but also by the phenotype or the environment of the parents (i.e., 
parental effects) (Roach and Wulff 1987, Mousseau and Fox 1998, Galloway 2005, Galloway 
and Etterson 2007, Badyaev and Uller 2009, Sultan et al. 2009, Uller and Pen 2011, 
Bonduriansky et al. 2012, Latzel et al. 2014). While ample evidence has been found for 
parental effects (Galloway 2005, Galloway and Etterson 2007, Sultan et al. 2009, Latzel et 
al. 2014), recent studies suggest that phenotypic responses to environmental conditions 
can also persist over multiple offspring generations (transgenerational effects, i.e. effects 
of environments experienced by grandparents or even earlier generations). Environment-
induced transgenerational effects have been reported for both plant (e.g., Arabidopsis 
thaliana and Mimulus guttatus), and animal species (e.g., Caenorhabditis elegans, Folsomia 
candida and Mus musculus) and for different biotic and abiotic environmental treatments 
(Whittle et al. 2009, Boyko et al. 2010b, Hafer et al. 2011, Herman and Sultan 2011, Holeski 
et al. 2012, Luna et al. 2012, Rasmann et al. 2012, Suter and Widmer 2013a, b, Dias and 
Ressler 2014). For example, in A. thaliana exposure to herbivores in one generation led 
to an increased resistance to herbivores in two subsequent generations (Rasmann et al. 
2012). Similar results were found for exposure to a pathogen (Luna et al. 2012). When A. 
thaliana was exposed to multiple generations of heat treatment the offspring showed a 
higher reproductive output when grown in heat treatment compared to offspring that was 
grown in unheated environments (Whittle et al. 2009). Ancestral exposure of A. thaliana to 
salt stress resulted in improved growth under salt stress (Boyko et al. 2010b), while another 
study showed, for some genotypes, bigger leaves and rosette diameter when offspring from 
salt treated ancestors were grown under salt stress (Suter and Widmer 2013a, b). 
Despite these empirical observations, several issues remain unsolved. Most important 
perhaps is that transgenerational effects are not always consistently observed and some 
effects could not be reproduced, raising doubts about their consistency (Pecinka et al. 
2009, Uller et al. 2013). For example, Rasmann et al (2012) performed nine independent 
experiments to test for increased resistance to herbivory after ancestral exposure to 
herbivores. Only in seven out of nine experiments an increase in transgenerational resistance 
to herbivory was found (Rasmann et al. 2012). Comparisons and generalisations between 
studies are complicated by the facts that the expression of transgenerational effects is 
sensitive to timing, duration, and severity of the environmental factor (Boyko et al. 2010b). 
Besides, phenotypic responses may also vary between genotypes and traits (Verhoeven and 
van Gurp 2012, Suter and Widmer 2013b). 
In addition, recent studies revealed evidence that expression of transgenerational effects 
can be affected by the number of consecutive generations of exposure to an environmental 
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factor. For instance, in the nematode C. elegans, a stable transmission of odour receptiveness 
for more than 40 offspring generations was induced after multiple consecutive generations 
of exposure to an odour cue, whereas no such responses evolved after exposure of a single 
generation to stress (Remy 2010). Likewise, A. thaliana plants express a different phenotype 
after heat exposure of three consecutive generations as compared to plants that were 
exposed to heat for only one or two consecutive generations (Suter and Widmer 2013a). 
These findings suggest that transgenerational effects may be enhanced by the exposure of 
multiple consecutive generations to an environmental factor (i.e. dose effects) (Suter and 
Widmer 2013a) and environmental shifts - when stable over multiple generations - may 
lead to transgenerational effects (Furrow and Feldman 2014). However, these dose effects 
are still little explored (Suter and Widmer 2013b). Furthermore, the expression of parental 
and transgenerational effects strongly depends on the offspring environment and whether 
this resembles the maternal environmental conditions (Galloway 2005, Whittle et al. 2009, 
Suter and Widmer 2013a). 
These contrasting results hinder generalisations regarding the occurrence (and their 
ecological or evolutionary impacts) of parental effects, especially in field environments 
where multiple factors apply. To evaluate the context-dependency of the expression of 
transgenerational effects we chose to study salt stress responses in A. thaliana. Earlier 
studies indicated the existence of parental effects of salt stress for this species (Boyko et al. 
2010b, Bilichak et al. 2012), as well as transgenerational effects (Boyko et al. 2010a, Suter 
and Widmer 2013a, b). However, these effects appeared to be very context-dependent and 
were shown only under some experimental conditions and in some genotypes (Pecinka et 
al. 2009, Boyko et al. 2010b, Suter and Widmer 2013a, b). 
Our study presents a systematic evaluation of two factors that may be involved in the 
context-dependency of parental and transgenerational effects. Specifically, the aim of our 
study was to evaluate these parental and transgenerational effects in A. thaliana after 
exposure of a variable number of ancestral generations to salt stress in different offspring 
environments. A single accession (homozygous, inbred line of A. thaliana Col-0) was used 
and a number of key traits were measured in multiple environments (Clauss and Aarssen 
1994, Heidel et al. 2004, Reboud et al. 2004). Our unique full factorial experimental setup 
allowed us to test for different effects of single versus multiple-generations of ancestral stress 
exposure, up to three generations. Furthermore we evaluated offspring phenotypes from the 
same experimental design in three different environments, including a field environment, to 
test for reproducibility and consistency among environments. The following questions were 
addressed: Are there parental and transgenerational environment-induced responses in A. 
thaliana? Is there a dose effect after exposure for multiple consecutive generations? And is 
the expression of transgenerational effects affected by offspring environment?
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MATERIALS AND METHODS
Parental treatments
Seeds of a single A. thaliana ecotype Col-0 were stratified for five days at 4˚C on filter paper 
that was saturated with deionised water. Subsequently, seeds were transferred to a climate 
chamber to germinate for two days. 40 Replicate seedlings were transplanted to separate 
Rockwool blocks of 4 x 4 cm in a climate chamber (16h/8 h (day/night), 20/18 °C (day/
night) with light conditions of 125 µmolm-2s-1 and relative humidity of 70%). Replicates 
were divided over two different treatment groups: control (C; n=20) and salt (S; n=20). The 
plants were watered daily with 1/1000 Hyponex solution (C plants), or 50 mM NaCl 1/1000 
Hyponex solution (S plants). Seeds were harvested and pooled per treatment at the end 
of the growth period. From these seed pools 40 seedlings (G.2) were grown per parental 
treatment which were subsequently divided over the two treatments (C, n=20 and S, n= 
20), resulting in four different experimental groups (Fig. 1, G.2). This experimental design 
was repeated for three generations, in a full factorial design (Fig. 1), resulting in eight groups 
with different parental histories coded as: CCC, CCS, CSC, CSS, SCC, SCS, SSC and SSS, with 
the first letter representing the treatment of the first generation (G.1) and so on.
Offspring (G.4) evaluation in salt and control environment
Seeds (G.4) from all eight parental histories were placed on filter paper moistened with 
deionised water and stratified at 4°C in darkness for three days. After stratification three 
seeds were placed on top of a 1:4 mixture of pumice and potting soil, in 7 cm diameter pots. 
After 12 days, all but one randomly selected plant were removed. The experiment followed 
a blocked split-plot design, where the experimental treatment (S or C) was applied to groups 
of eight plants, in trays. Parental families were equally distributed among the trays. The 
trays were divided over six spatial blocks within a climate chamber, with five replicate trays 
of each treatment per spatial block. Parental histories were randomized within trays and 
trays were randomized within spatial blocks. The plants were grown at 16/8 h (day/night), 
20/18 °C (day/night) with light conditions of 120µM/cm2 and relative humidity of 70%. The 
pots were watered to saturation by flooding the trays three times a week for one hour, after 
which excess water was removed from the trays. Salt treatment was started 15 days after 
sowing following the same watering procedure, but with water containing 150mM NaCl. 
The treatment was stopped 39 days after germination after which the normal watering 
regime was resumed.
Offspring (G.4) evaluation under field conditions
Seeds (G.4) from all eight parental histories were placed on filter paper moistened with 
deionised water. After three days of stratification at 4°C in darkness seeds were placed 
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into a climate chamber to germinate for two days. The seedlings were then transplanted 
individually into 7 cm diameter net pots filled with a 1:1 mixture of potting soil and soil from 
the experimental field. Field soil was used to ensure that plants were exposed to natural 
biological soil interactions that are characteristic of the experimental field site. All plants 
were placed in an unheated glasshouse. In April 2012, 24 days after germination all plants 
were planted into an open field at the experimental gardens of the Netherlands Institute of 
Ecology, Wageningen, the Netherlands. The experiment followed a randomized block design 
with two replicates of each group per block and 18 replicate blocks, with individual plants 
placed at 10 cm intervals. The plants were watered with tap water one to three times a week 
during dry periods. All plants were harvested after three months. 
Measurements
In both the field and the climate chamber environments rosette diameter was measured 
29 days after germination. Flowering time was recorded daily as the number of days 
from germination until opening of the first flower (all petals visible). The field plants were 
harvested approximately 11 weeks after transplantation when almost all plants had ceased 
flowering, started to senesce and mostly had fully matured siliques. The number of fruits 
per plant was counted as a measure of reproduction. The climate chamber plants were 
harvested after 11 weeks, approximately 7 weeks after the onset of flowering, when siliques 
were fully matured and the plants were well into senescence. Above ground biomass was 
determined after three days of oven drying at 70°C. Due to plant size it was not feasible to 
count the number of fruits for plants grown in the climate chamber, therefore we chose to 
use above ground biomass which often correlates strongly with number of fruits (Clauss 
and Aarssen 1994, Heidel et al. 2004, Bossdorf et al. 2010, Latzel et al. 2012). Because of 
their small size we could not accurately determine (initial) seed weights of the experimental 
plants individually. After setting up the experiments we determined average seed weight by 
weighing multiple sets of approximately 20 seeds for each of the experimental groups and 
we calculated average seed weight accordingly. For most of the experimental groups we 
weighed 8 sets of ~20 seeds, but because not enough seeds were available for all groups 
we could weigh only three sets of ~20 seeds for the CCS and SSC groups, and the SCS and 
CSS groups had to be excluded from the seed weight analysis altogether because <20 seeds 
were available.
Statistical analysis
To test for the generational extent of environment-induced responses in A. thaliana we 
fitted generalized linear mixed- effect models for each offspring environment (control, salt 
and field) that estimated the effect of parental history (eight groups) on phenotypes, in 
which we performed several a priori contrast tests that we considered as the most relevant 
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components of the overall parental (P), grandparental (GP) and great-grandparental (GGP) 
effects. Specifically to test for the presence of environmentally induced transgenerational 
responses we performed three different contrasts where the CCC group was compared to 
CCS, CSC and SCC to test for P, GP and GGP effects, respectively. Furthermore, and in addition 
to the a priori contrast tests, we tested for the presence of overall P, GP and GGP treatment 
effects on G.4 traits across the entire experimental design using generalized linear mixed-
effect models for which the eight parental history groups (Fig. 1) were recoded as a 2x2x2 
factorial design with P, GP and GGP treatments as fixed factors. Block was included as a 
random factor in all models. In the controlled-environment salt and control experiments, a 
tray effect nested within blocks was also included as a random factor. Differences between 
experimental groups were analysed using 95% confidence intervals and p-values (Johnson 
1999, Kuznetsova A 2015). The 95% confidence intervals of the effect sizes were calculated 
by parametric bootstrapping, and effects were labelled significant if the 95% CI of the 
effects size did not include zero. To account for multiple testing all p-values from the same 
environment were evaluated against an FDR threshold of 0.1 (Benjamini and Hochberg 
1995). Seed weight was analysed using linear models, one where we performed similar 
contrasts as mentioned above and a separate model for which we recoded the parental 
history groups as the 2x2x2 factorial design.
To test for the effects of multiple-generation exposure to salt stress, which we refer 
to as ‘dose effects’, we fitted two different sets of a priori contrasts. First, we tested if 
the expression of the parental salt treatment effect was affected by GP and/or GGP salt 
treatment; i.e., H
0
: CCC-CCS=CSC-CSS=SSC-SSS (Dose effect 1). This hypothesis was tested by 
breaking it down into three comparisons: 1: CCC-CCS=CSC-CSS; 2: CSC-CSS=SSC-SSS and 3: 
CCC-CCS=SSC-SSS. If any of these comparisons showed a significant difference, we rejected 
the null hypothesis that the expression of the parental salt effect is unaffected by earlier 
salt treatments in the GP or GGP generations. Second, we tested if offspring of salt-stressed 
parents differed depending on the number of consecutive ancestral generations that were 
exposed to salt treatment; i.e., H
0
: CCS=CSS=SSS (Dose effect 2). This hypothesis was tested 
by splitting into two different comparisons: 1: CCS=CSS and 2: CSS=SSS. 
To assess if the salt treatment influenced the expression of environment-induced 
transgenerational effects, the effects of salt treatment and their interaction with parental 
histories were analysed for the climate chamber data using linear mixed-effects model with 
offspring treatment (2 levels) and parental history (Fig. 1), recoded as a 2x2x2 factorial 
design with parental (P), grandparental (GP) and great-grandparental (GGP) treatments as 
fixed factors, and block and tray effect nested within blocks included as random factors. Of 
special interest is the treatment*parental history effect as this would indicate a possible 
adaptive parental history effect. 
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Figure 1. Origin of the experimental groups. A single A. thaliana plant (ecotype Col-0) served as a 
founder for the pedigree. Plants were grown for three generations either in a salt or in a control 
environment. Performance of offspring of the third generation (i.e., G.4) was tested in three distinct 
environments: a field environment, a climate chamber control and climate chamber salt environment.
In order to meet the assumption of homogeneity of variances and residual normality, 
number of fruits was ln-transformed and some incidental outliers were removed. Specifically, 
for diameter nine outliers, for flowering two outliers and for number of fruits six outliers 
were removed. Excluding these outliers never affected the significance of test results but 
removing the outliers resulted in a better model fit. In all models Gaussian error distribution 
with identity link function were used. 
Note that our analysis considers individual plants as independent units; however, 
dependencies arise inevitably due to the pedigree structure (Fig. 1) of our experiment. Due 
to this structure different experimental groups derive from the same grandparental or great-
grandparental individuals. The statistical results are valid under the assumption that seed 
pools derived from each G3 group in the pedigree are an unbiased set whose properties differ 
in a representative way only due to the different treatments in their ancestral generations. 
All analyses were performed in R version 3.1.2, using the lme4 package (Bates et al. 
2014, R Core Team 2014).
RESULTS
Effects of a single generation of salt exposure   
The effects of a single ancestral exposed generation were tested in two ways. First, by 
evaluating overall P, GP and GGP effects across the entire experimental design. Second, 
by comparing offspring of specific groups whose recent ancestors did not experience salt 
stress (CCC) to offspring of groups that were exposed to a single generation of salt stress 
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either one generation ago (CCS; P effect), two generations ago (CSC; GP effect), or three 
generations ago (SCC; GGP effect). Strong parental effects were found in almost all traits and 
offspring environments for both approaches (Table 1 and 2; for intercepts, unstandardized 
effect sizes and 95% confidence intervals see Table in S1 Table, Table in S2 Table and Table 
in S3 Table). Parental effects were typically among the strongest responses observed across 
the entire experimental design (P effect in Fig. 2: CCC versus CCS bars). Grandparental and 
great-grandparental effects were weaker and less frequently found but still significant for 
seed weight, diameter and biomass (Table 1 and 2). 
Effects of multiple generations of salt exposure
Two different methods were used to investigate whether exposure to salt stress for 
multiple generations is different from single-generation exposure. The first method tested 
if the expression of the parental salt treatment effect was affected by the salt treatment 
of grandparental and great-grandparental generations. This was observed for seed weight, 
rosette diameter in the field environments, for flowering in the field environment and for 
dry weight in the control and salt environment (Table 2, Dose effect 1). Second, we tested 
if offspring phenotypes were different between groups whose recent ancestors had been 
exposed to salt stress for one, two or three consecutive generations of stress exposure. Such 
dose effects (i.e. exposure of stress for multiple generations) were observed for diameter 
and flowering time in the field environment, and for flowering and dry weight in the control 
environment (Table 2, Dose effect 2; Fig. 2). Both dose effects demonstrate that multiple 
generations of stress exposure had a different effect on offspring phenotype than a single 
generation of exposure. This indicates that plant traits were not only affected by parental 
environments but also by (great)grandparental environments. Often the parental effect was 
not amplified but instead reduced by multiple generations of stress exposure. Most notably, 
in the field environment the negative effect of parental salt exposure on offspring diameter 
and flowering growth and performance disappeared when also grandparents and great-
grandparents had been exposed to salt stress (see Fig. 2 c and f; CCS vs CSS vs SSS bars).
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Figure. 2 Expression of offspring phenotypes in three different environments after exposure of 
parental, grandparental and/or great-grandparental generations to salt stress. Panels a, b and c 
show rosette diameter (mm); panels d, e and f show flowering time (days); panels g, h, i show biomass 
(mg) or number of fruits (mean ± sem) for respectively climate chamber control, climate chamber 
salt and field environment. Panel j shows average seed weight, which only shows six experimental 
groups because of limited seed availability. Significant differences between groups are shown in Table 
2. The striped grey bars indicate that the parents of the experimental plants were grown under control 
conditions. The red bars indicate that the parents of the experimental plants were grown under salt 
stress. 
Effect of offspring environment
Offspring phenotype was strongly affected by the environment. Plants grown in the field had 
a 62% smaller rosette diameter compared to control plants grown in the climate chamber 
and were 54% smaller compared to salt treated plants in the climate chamber. Field-grown 
plants flowered 4 days later than climate chamber grown control plants and 5 days later 
than climate chamber grown salt treated plants. In the salt treatment plants had on average 
40% less biomass compared to plants that were grown under control conditions (Fig 3). 
In the climate chamber experiment, offspring from salt treated plants were larger 
and flowered earlier than offspring from control treated plants (Fig. 3, control vs salt 
environments). These results were consistent in both the control and salt environment, 
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although plants in the salt environment performed less well than plants in the control 
environment. No interaction effect between offspring treatment and parental treatment 
was found in the climate chamber experiment (Table 3; Table in S3 Table shows the 
intercepts, unstandardized effect sizes, 95% confidence intervals). Indicating that parental 
or (great)grandparental exposure to salt did not result in a specific growth advantage under 
offspring salt stress. A significant parental effect of salt stress was also detected in the field 
experiment, but the direction of the effect was opposite compared to the climate chamber 
experiment. In the field environment offspring from control plants performed better, with 
larger rosette diameter and also earlier flowering than offspring from salt treated plants (Fig. 
2c and f, CCS). To explicitly test for the effect of offspring environment on the expression of 
transgenerational effects, data for rosette diameter and flowering time were z-transformed 
(within each offspring environment; see supplementary information Table in S4 Table). 
Significant parental ×offspring environment and great grandparental ×offspring environment 
interaction effect were observed for rosette diameter, as well as a marginally significant 
parental ×offspring environment and great grandparental ×environment interaction effect 
for flowering time interaction was found. These results confirm that offspring environment 
influences transgenerational effects. However, there was no evidence for adaptive 
transgenerational effects, which means that exposure to the ancestral treatment does not 
necessarily lead to a better offspring performance.
Table 3. Results of generalized linear mixed-effect model analysis of the climate chamber experiment, 
with (G.4) treatment (Control or Salt), parental history and the interaction between historic and test 
environment. Shown are unstandardized effect sizes and p-values, significant values are indicated in 
bold. 
Rosette diameter (mm) Flowering time (days) Dry weight (mg)
Effect size p-value Effect size p-value Effect size p-value
Treatment -16.98 < 0.001 -0.93 0.005 -0.28 <0.001
Parent (P) 1.30 0.158 0.70 <0.001 0.04 0.006
Grandparent (GP) 0.96 0.302 0.38 0.062 0.04 0.008
Great grandparent (GGP) 1.14 0.218 -0.28 0.167 0.04 0.003
Treatment * P 0.71 0.587 -0.10 0.735 0.003 0.848
Treatment * GP -1.54 0.242 -0.20 0.486 -0.03 0.140
Treatment *GGP -0.69 0.601 0.49 0.094 -0.03 0.097
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Figure 3. Mean and standard error of phenotypic traits measured in three environments. The bars 
represent the overall mean of all eight parental history groups separated per environment.
DISCUSSION
Plant phenotype can be influenced by environments experienced by previous generations. 
Here we showed that these environment-induced parental and transgenerational effects 
are highly context dependent. Because of this context-dependency, the generality and 
importance of these effects has remained controversial. Our study has a unique design that 
enabled us to compare differences in responses, not only between offspring environments 
but also between single- and multiple-generations of exposure. We show that the expression 
of parental and transgenerational effects does not only depend on offspring environment, 
but is also strongly dependent on the number of ancestral generations that were exposed 
to environmental stress.
Context-dependent expression of salt stress in A. thaliana
Boyko and colleagues (2010) showed that offspring from salt exposed transgenic A. thaliana 
C24 plants had higher recombination rates and also a higher tolerance to salt in the following 
generation (Boyko et al. 2010b). An additional study on these transgenic lines showed 
differences in DNA methylation, histone modification and gene expression in offspring of 
R1
R2
R3
R4
R5
R6
R7
R8
R9
R10
R11
R12
R13
R14
R15
R16
R17
R18
R19
R20
R21
R22
R23
R24
R25
R26
R27
R28
R29
R30
R31
R32
R33
R34
R35
R36
R37
R38
R39
Context-dependency of transgenerational effects
87
4
the exposed plants (Bilichak et al. 2012). In contrast, Suter & Widmer (2013) did not elicit 
parental or transgenerational effects after two consecutive generations of exposure of A. 
thaliana Col-0 plants to mild salt stress during vegetative growth (Suter and Widmer 2013b), 
although improved growth under salt conditions was observed when plants were exposed 
for three consecutive generations and crossed with the Sha-0 genotype (Suter and Widmer 
2013a). In our study, a relative high concentration of salt was administered to the plants 
throughout their entire lifetime, as well as to the G.4 offspring. Our results showed a strong 
parental effect of salt exposure in virtually all traits and in all three environments. Most 
studies focussing on transgenerational effects only tested single or multiple generations of 
exposure in a single environment (Boyko et al. 2010b, Bilichak et al. 2012, Suter and Widmer 
2013a, b). Our data revealed that offspring response after multi-generations of exposure to 
salt stress is different to the response after a single-generation of exposure. In addition, the 
expression of parental and transgenerational effects strongly depended on the evaluation 
environment which may explain the discrepancy between results of different studies that 
were performed with different conditions of stress inducement and evaluation environment. 
Parental effects
Our results provide strong evidence for the presence of parental effects. In our study 
parental salt treatment exposure extended during the entire life of the plants, including 
flowering and seed development. Thus, G.4 plants evaluated in the described experiments 
were already exposed to the parental treatment (salt or control) as developing embryos 
on the mother plant. Parental effects of salt stress as identified in this study therefore can 
include effects that were transmitted from the exposed parental plant as well as effects of 
direct induction of the G.4 as developing embryo. However, no direct parental effects on 
seed weight were found, which may be expected if the parental effects resulted from direct 
induction during seed development. 
Interestingly the expression of parental effects interacts strongly with offspring 
environment (See Table in S4 Table). For example, opposite directions of parental effects 
were observed between field and climate chamber environments. A speculative explanation 
for this difference may be related to possible parental effects on osmotic stress response 
(Munns and Tester 2008). A reduced response to osmotic stress can be a way to increase 
tolerance to soil salinity and results in greater leaf growth and stomata conductance, but 
only in the presence of sufficient pore water in the soil. If the system is water-limited this 
response could lead to depletion of the pore water before the plant is fully matured (Munns 
and Tester 2008). An important difference between the field and the growth chamber 
was that plants in the growth chamber had sufficient access to water, while field plants 
experienced episodes of drought stress and required additional watering during very dry 
periods. Most field plants showed purple leaves, presumably caused by anthocyanin, which 
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is an indication of stress, including drought stress (Jung 2004). If a parental effect of salt 
stress acts via reduced offspring response to osmotic stress then this may reduce offspring 
performance in dry environments, while enhancing performance in wet environments. The 
observed differences between the field and the growth chamber show the importance of 
testing in more natural conditions, where different stressors interact and can significantly 
influence plant responses.
Transgenerational effects
Plant phenotype was also partly determined by the environments that were experienced 
by grandparents or great-grandparents, even after a single generation of salt exposure. 
Contrary to expectations, the multiple generations of salt exposure did not amplify but 
instead tended to reduce the parental effect. This was most striking when offspring were 
evaluated in the field environment where both diameter and flowering time showed a 
reduced expression of the negative parental effect: parental salt exposure resulted in 
smaller and later-flowering plants, but these negative growth effects disappeared when 
not only parents but also (great)grandparents had been exposed to salt stress. This pattern 
suggests gradual acclimatization of the lineage to reduce the negative parental effects of 
salt stress. Some studies have previously reported that the heritable effects of multiple-
generation exposure can differ substantially from single-generation parental exposure 
(Remy 2010). This may indicate that the gradual acclimatization is epigenetically mediated. 
Alternatively, gradual acclimatization may be the result of unintentional selection during the 
experimental pedigree. Our experimental design used bulked seed batches in the G.1-G.3 
of the environmental treatments, and not single-seed descent, which inevitably biases seed 
batches to plants that performed well under the specific growing conditions. However, due 
to the highly inbred nature of Col-0 we think it is highly unlikely that the observed parental 
and transgenerational effects are due to genetic variation between plants. It is therefore 
more likely that the gradual acclimatization is epigenetically mediated. 
Adaptive value of parental and transgenerational effects
Parental and transgenerational effects in response to a given environmental stress are 
generally considered to be adaptive when offspring performance is enhanced under 
these conditions, but not under non-stressed conditions (Boyko et al. 2010b, Suter and 
Widmer 2013a). Because we observed opposite responses to parental salt treatment in 
the climate chamber environments and the field environment it is difficult to conclude 
that the inherited response of salt stress is adaptive in our study. Parental effects may 
lead adaptive responses, irrespective of offspring environment, like enhanced growth and 
earlier flowering. Increased biomass may lead to a competitive advantage and increases 
the probability of successful establishment. This was suggested in Medicago truncatula 
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plants, where parental plants were grown under salt stress leading to increased offspring 
size and enhancement of successful establishment of offspring plants (Castro et al. 2013). 
In some situations it is possible that early flowering could be used as a mechanism to avoid 
environmental conditions that would otherwise increase mortality before the start of 
reproduction (Grime 1977, Munns and Tester 2008). Correspondingly in the salt treatment 
all plants flowered earlier when compared to control plants. However, it seems that this is 
not a general response to saline conditions in A. thaliana because other studies found later 
flowering after salt exposure (Kim et al. 2007, Suter and Widmer 2013b). 
Additionally salt stress can influence root biomass, although root growth is usually less 
affected by salt stress than shoot growth (Munns and Tester 2008). In this study, plants were 
harvested at the end of their reproductive period when the majority of siliques had matured. 
Very likely, resources from both shoot and roots had been extracted and translocated to the 
seeds, and we therefore did not attempt to measure root biomass. We were thus unable to 
study the effects of transgenerational or direct salt exposure on root biomass and resource 
allocation. A study by Boyko and colleagues (2010) however showed longer root length in 
seedlings whose parents were exposed to saline conditions (Boyko et al. 2010a) indicating 
that transgenerational salt exposure may affect root biomass and resource allocation in 
Arabidopsis.
Underlying mechanisms
Our study does not address the underlying mechanisms that are responsible for the 
observed effects of ancestral environments. One possible mechanism of parental effects is 
the influence of seed size or seed quality (Roach and Wulff 1987, Herman and Sultan 2011). 
In our experiment, initial seed weight was affected by transgenerational environments, but 
not by parental environments, in six different experimental pre-treatment groups. Similar 
results were found in several studies (e.g. (Pecinka et al. 2009, Suter and Widmer 2013b)). 
Additionally initial seed weight did not show clear correlations with other traits such as 
rosette diameter, flowering time, dry weight or fruit number (See supplementary figure S1 
and Table in S5 Table). Therefore it seems unlikely that seed size or seed quality are main 
determinants of the observed parental and transgenerational effects in these traits. 
Epigenetic inheritance, mediated for instance by DNA methylation or small RNAs 
(Johannes et al. 2009, Herman and Sultan 2011, Paszkowski and Grossniklaus 2011, Holeski 
et al. 2012, Sani et al. 2013, Zhang et al. 2013), may be a prime mechanism for the observed 
transgenerational effects, given that presumably no significant genetic variation was present 
in our A. thaliana Col-0 line. Epigenetic changes in response to salt treatment have been 
found in rice and A. thaliana, the latter also showing epigenetic modifications in offspring 
of exposed plants (Bilichak et al. 2012, Karan et al. 2012). Meiotic stability of part of such 
environment-induced epigenetic modifications could conceivably account for the observed 
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transgenerational effects, although unequivocal evidence for such mechanism has been 
elusive (Heard and Martienssen 2014). 
Conclusion
In our study we tried to gain a better insight in the context dependency of transgenerational 
effects by comparing single to multiple generations of ancestral exposure in different 
environments. Our results show that both the offspring environments and the number of 
ancestral generations that were exposed play a significant role in the phenotypic expression 
of these effects. The observed difference in the responses to different environments and 
different number of exposed generations provide new insights into the context dependency 
of transgenerational effects. The results contribute to a better understanding of the 
importance of transgenerational effects. Although transgenerational effects were weaker 
and less commonly observed than parental effects, evidence for phenotypes being affected 
by grandparental or even great-grandparental environments was observed in nearly all traits 
and environments. However, there are several general issues that remain unresolved. For 
instance, genotypic effects can significantly influence the expression of transgenerational 
effects (Suter and Widmer 2013a, b). It remains however unclear to what extent our results 
are representative for other A. thaliana genotypes since only one genotype was tested in 
this study. It also remains to be demonstrated if, or to what extent, transgenerational effects 
are adaptive. It is possible that many transgenerational effects are merely caused by direct 
stress responses, for instance when epigenetic marks are not completely reset between 
generations, rather than being a possible adaptive response (Heard and Martienssen 2014). 
In conclusion, we showed that exposure to salt treatment can have persistent 
consequences for offspring phenotypes not only one generation after exposure, but also 
two or even three generations later. These transgenerational effects were often expressed 
as ‘dose’ effects where multiple-generation exposure has different impact on offspring 
traits than single-generation exposure. Our results suggest that transgenerational effects 
commonly occur and may have a considerable impact on plant phenotype, performance 
and the way plants respond to their environment. 
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SUPPLEMENTARY FILES
Tables
Table S1. Results of generalized linear mixed-effects model analysis of rosette diameter, flowering 
time, dry weight and number of fruits. Shown are the intercept, effect sizes, 95% confidence intervals; 
significant values are indicated in bold. Each model was carried out separately for trait and offspring 
environment.
Rosette diameter (mm)
Control Salt Field
Effect 
size
2.5% 97.5% Effect 
size
2.5% 97.5% Effect 
size
2.5% 97.5%
Intercept 96.57 93.60 99.67 79.21 75.64 82.57 36.70 35.38 38.06
Parent (P) 1.34 -0.54 2.91 2.00 0.47 3.54 -1.57 -2.87 -0.26
Grandparent (GP) 0.42 -1.73 2.44 -0.85 -2.52 0.82 0.99 -0.30 2.19
Great grandparent (GGP) 1.67 -0.30 3.56 0.72 -0.79 2.24 1.68 0.41 2.95
Flowering (days)
Control Salt Field
Effect 
size
2.5% 97.5% Effect 
size
2.5% 97.5% Effect 
size
2.5% 97.5%
Intercept 34.48 34.00 34.98 33.62 32.95 34.28 38.85 38.18 39.51
Parent (P) -0.7 -1.22 -0.29 -0.86 -1.12 -0.49 -0.32 -0.88 0.26
Grandparent (GP) 0.38 -0.11 0.81 0.12 -0.24 0.46 -0.17 -0.77 0.39
Great grandparent (GGP) -0.28 -0.77 0.17 0.14 -0.21 0.48 -0.53 -1.08 0.02
Dry weight (mg) Ln(#Fruits)
Control Salt Field
Effect 
size
2.5% 97.5% Effect 
size
2.5% 97.5% Effect 
size
2.5% 97.5%
Intercept 0.63 0.59 0.66 0.38 0.35 0.42 5.69 5.46 5.91
Parent (P) 0.04 0.009 0.079 0.05 0.02 0.07 0.08 -0.14 0.29
Grandparent (GP) 0.04 0.01 0.07 0.01 -0.01 0.03 -0.07 -0.28 0.13
Great grandparent (GGP) 0.04 0.004 0.069 0.007 -0.02 0.03 0.20 -0.02 0.42
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Table S2. Results of generalized linear mixed-effects model analysis of a priori contrast tests, each 
trait analysed separately per offspring (G.4) environment. Dose effects 1 and 2 test whether the 
effect of parental salt exposure differs depending on GP and GGP environments (see explanation in 
the Methods section). Shown are the intercepts, effect sizes and 95% confidence intervals; significant 
values are indicated in bold. 
Rosette diameter (mm)
Control Salt Field
Effect size 2.5% 97.5% Effect size 2.5% 97.5% Effect size 2.5% 97.5%
Intercept 95.23 91.44 98.74 78.23 74.50 82.05 38.70 36.87 40.49
P effect: CCC=CCS 5.17 1.31 8.93 2.87 -0.19 6.29 -5.31 -7.84 -2.67
GP effect: CCC=CSC 3.37 -0.69 7.72 1.00 -1.75 4.39 -1.91 -4.58 0.46
GGP effect: CCC=SCC 1.99 -2.06 6.07 2.13 -1.07 5.49 -0.83 -3.27 1.34
Dose effect 1:
Intercept 98.28 95.84 100.92 80.15 77.37 83.34 37.23 36.57 37.87
CCC-CCS=CSC-CSS -2.05 -3.34 -0.67 -0.38 -1.58 0.73 1.31 0.50 2.24
CSC-CSS=SSC-SSS 1.03 -0.344 2.38 0.03 -1.26 1.23 -0.01 -0.84 0.90
CCC-CCS=SSC-SSS -1.02 -2.35 0.34 -0.34 -1.35 0.80 1.30 0.51 2.19
Dose effect 2:
CCS=CSS 1.59 -0.58 3.80 0.44 -1.39 2.16 -2.86 -4.16 -1.44
CSS=SSS -1.65 -3.89 0.43 0.38 -1.56 1.96 -2.38 -3.65 -1.02
Flowering time (days)
Control Salt Field
Effect size 2.5% 97.5% Effect size 2.5% 97.5% Effect size 2.5% 97.5%
Intercept 34.73 34.08 35.41 33.7 32.93 34.46 38.10 37.22 38.94
P effect: CCC=CCS -1.53 -2.41 -0.66 -0.67 -1.65 -0.26 1.20 0.06 2.40
GP effect: CCC=CSC 0.07 -0.82 0.94 -0.13 -8.21 0.54 0.23 -0.86 1.40
GGP effect: CCC=SCC -0.37 -1.32 0.60 -0.03 -6.45 0.56 0.93 -0.17 1.97
Dose effect 1:
Intercept 34.18 33.84 34.50 33.32 32.66 33.97 38.35 38.00 38.73
CCC-CCS=CSC-CSS 0.33 -0.01 0.64 0.10 -1.18 0.33 -0.19 -0.60 0.20
CSC-CSS=SSC-SSS -0.03 -0.37 0.30 -0.15 -3.67 0.10 -0.39 -0.74 9.96
CCC-CCS=SSC-SSS 0.3 -0.01 0.61 -0.05 -3.05 0.21 -0.58 -1.01 -0.19
Dose effect 2:
CCS=CSS -0.69 -1.18 -0.22 -0.14 -4.93 0.24 0.80 0.07 1.44
CSS=SSS -0.01 -0.56 0.53 -0.02 -4.00 0.36 1.07 0.42 1.69
Dry weight (mg) Ln(#Fruits)
Control Salt Field
Effect size 2.5% 97.5% Effect size 2.5% 97.5% Effect size 2.5% 97.5%
Intercept 0.61 0.55 0.66 0.36 0.31 0.40 5.78 5.44 6.08
P effect: CCC=CCS 0.10 0.04 0.17 0.08 0.04 0.13 -0.11 -0.53 0.28
GP effect: CCC=CSC 0.08 0.01 0.15 0.06 0.013 0.10 -0.26 -0.71 0.22
GGP effect: CCC=SCC 0.04 -0.03 0.11 0.06 0.004 0.10 0.08 -0.35 0.53
Dose effect 1:
Intercept 0.69 0.67 0.71 0.42 0.39 0.45 5.79 5.64 5.93
CCC-CCS=CSC-CSS -0.02 -0.05 -0.003 -0.02 -0.03 -1e-05 0.10 -0.05 0.23
CSC-CSS=SSC-SSS 0.01 -0.01 0.03 0.007 -0.008 0.02 -0.06 -0.22 0.12
CCC-CCS=SSC-SSS -0.02 -0.04 0.01 -0.008 -0.025 0.007 0.04 -0.12 0.19
Dose effect 2:
CCS=CSS -0.003 -0.04 0.03 0.001 -0.027 0.03 -0.11 -0.39 0.15
CSS=SSS -0.04 -0.08 -0.003 -0.001 -0.031 0.03 -0.09 -0.34 0.15
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Table S3. Results of the generalized linear mixed-effect model analysis per trait for the climate 
chamber experiment, with (G.4) treatment (Control or Salt), parental history and the interaction 
between historic and test environment. Shown are the intercepts, effect sizes, 95% confidence 
intervals; significant values are indicated in bold. 
Rosette diameter (mm) Flowering time (days) Dry weight (mg)
Effect 
size
2.5% 97.5% Effect 
size
2.5% 97.5% Effect 
size
2.5% 97.5%
Treatment -16.98 -19.95 -13.86 -0.93 -1.46 -0.29 -0.28 -0.28 -0.20
Parent (P) 1.30 -4.65 3.16 0.70 -1.10 -0.29 0.04 0.01 0.07
Grandparent (GP) 0.96 -7.29 2.64 0.38 -1.49 0.78 0.04 0.01 0.07
Great grandparent (GGP) 1.14 -6.61 2.82 -0.28 -6.87 0.15 0.04 0.01 0.07
Treatment * P 0.71 -2.01 3.03 -0.10 -6.56 0.47 0.003 -0.004 0.06
Treatment * GP -1.54 -4.13 0.98 -0.20 -7.53 0.36 -0.03 -0.07 0.01
Treatment *GGP -0.69 -3.47 1.68 0.49 -8.07 1.09 -0.03 -0.07 0.004
Table S4. Results of the linear mixed-effect model analysis for rosette diameter and flowering time 
for all three (Control, Salt and Field) offspring environments. Significant values are indicated in bold. 
Within each offspring environment, the data was normalised to the standardised z-scores in order to 
facilitate comparison of traits that were measured in different offspring environments.
Rosette diameter (mm) Flowering time (days)
numDF denDF F-value p-value numDF denDF F-value p-value
Offspring environment 2 683 291 <0.001 2 705 1497 <0.001
Parent (P) 1 683 1.10 0.295 1 705 22.8 <0.001
Grandparent (GP) 1 683 1.71 0.192 1 705 1.39 0.239
Great grandparent (GGP) 1 683 7.61 0.006 1 705 1.22 0.269
Offspring environment * P 2 683 8.39 <0.001 2 705 2.72 0.067
Offspring environment * GP 2 683 1.66 0.190 2 705 1.34 0.263
Offspring environment *GGP 2 683 3.94 0.020 2 705 2.21 0.110
Table S5. Correlations between average seed weight and rosette diameter, flowering time, dry 
weight and number of siliques per offspring environment. 
Seed weight
Offspring environment r p-value
Rosette diameter
Control 0.060 0.91
Salt -0.290 0.58
Field 0.497 0.32
Flowering time
Control 0.389 0.45
Salt -0.159 0.76
Field -0.778 0.07
Dry weight
Control 0.178 0.74
Salt 0.123 0.82
#Fruits Field -0.391 0.44
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Figure S1. Correlations between average seed weight and rosette diameter, flowering time, dry 
weight and number of siliques. Correlations were done separately per environment. Fig. a, d and 
g show the control environment. The salt environment is shown in Fig. b, e and h. And the field 
environment is shown in Fig. c, f and i. Table S5 shows the r and p-values belonging to the correlation 
plots. 
5
Transgenerational plasticity for mild heat in flowering time 
in Arabidopsis thaliana is explained by climate at origin 
suggesting potential for climate change adaptation
Groot, M.P.1, Kubisch, A 2,3, Schmid, K. J.4, Ouborg, N.J.1, Pagel, J2, Vergeer, P.5
, 
Lampei, C.4*
1 Experimental Plant Ecology, Institute for Water and Wetland Research, Radboud University 
Nijmegen, PO Box 9010, 6500 GL Nijmegen, The Netherlands, 
2 Landscape and Plant Ecology, University of Hohenheim, August-Hartmann-Str. 3, 
70599 Stuttgart, Germany, 
3 Theoretical Ecology Group, Department of Animal Ecology and Tropical Biology, University of 
Würzburg, Emil-Fischerstr. 3, 97074 Würzburg, Germany
4 Institute of Plant Breeding, Seed Science and Population Genetics, University of Hohenheim, 
Fruwirthstr. 21,70599 Stuttgart, Germany, 
5 Plant Ecology and Nature Conservation group, P.O. Box 47, 6700 AA Wageningen, The Netherlands
Submitted to ‘New Phytologist’ 
R1
R2
R3
R4
R5
R6
R7
R8
R9
R10
R11
R12
R13
R14
R15
R16
R17
R18
R19
R20
R21
R22
R23
R24
R25
R26
R27
R28
R29
R30
R31
R32
R33
R34
R35
R36
R37
R38
R39
Chapter 5
96
ABSTRACT
Transgenerational plasticity is increasingly recognized as an important source of phenotypic 
variation, affecting potentially the response to selection. It was postulated to play a role in 
adaptation to environmental change. Yet experimental evidence is scarce. It is also an open 
question how environmental cues from different generations (e.g. parental, grandparental) 
interact to influence the offspring phenotype. 
Here we present effects of grandparental and parental mild heat, and their combination, 
on the third generation phenotype in 14 Arabidopsis thaliana genotypes and test implications 
with a conceptual model. 
We reveal strong evidence for genotype specificity in transgenerational effects. 
Furthermore, a complex pattern of interdependence among phenotypes of different 
generations supports a stronger influence of the parental environment, but also acclimation 
to mild heat across several generations. Most intriguingly, genotypes from climates with hot 
and dry summers responded through earlier flowering. According to the conceptual model 
this is adaptive under the assumptions of environmental autocorrelations and hot and dry 
summers, which are met by climate change predictions for the greater Mediterranean 
region. 
Our findings corroborate the hypothesis that transgenerational effects may support 
adaptation to climate change in plants and provide evidence of environment acclimation 
across generations.
Key words: Arabidopsis thaliana, grandparental effects, parental effects, heat stress, 
transgenerational effects, global change
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INTRODUCTION
Plant traits often show extensive phenotypic variation within and between species, including 
variation in phenotypic plasticity, which is commonly observed in form of a genotype 
by environment (G×E) interaction (Sultan 2000, Brachi et al. 2013). One component of 
phenotypic plasticity are transgenerational effects, when ancestral environments influence 
offspring development and responses to environmental conditions in the absence of genetic 
variation. Transgenerational effects has been observed in many plant species (Germain and 
Gilbert 2014), in response to parental (Roach and Wulff 1987, Mousseau and Fox 1998, 
Galloway and Etterson 2007, Latzel et al. 2014) and grandparental environments (Whittle 
et al. 2009, Holeski et al. 2012, Luna et al. 2012, Rasmann et al. 2012). These environments 
differed in the extent of herbivory (Rasmann et al. 2012), pathogen infections (Luna et al. 
2012, Slaughter et al. 2012), salt concentrations (Boyko et al. 2010, Castro et al. 2013, Suter 
and Widmer 2013a, b), water availability (Herman et al. 2012, Germain and Gilbert 2014) 
or temperature (Whittle et al. 2009, Suter and Widmer 2013a, b). The phenotype of a plant 
is thus not only a reflection of the genotype and G×E interactions; it is also affected by the 
environment that was experienced by its ancestors.
Transgenerational effects are increasingly recognized as an important source of phenotypic 
variation in offspring generations and therefore can affect responses to selection (Uller 
2008, Dyer et al. 2010). Transgenerational effects were also found to vary among genotypes 
within populations, suggesting that they have a genetic basis and evolutionary potential 
(Schmitt et al. 1992, Schmid and Dolt 1994, Galloway 2001, Holeski 2007, Latzel et al. 2014). 
Therefore, locally adapted populations may differ in their transgenerational reaction norms. 
However, few studies tested for variation among populations in transgenerational effects 
(but see Penfield & Springthorpe, 2012; Suter & Widmer, 2013a, b), which, on the other 
hand, was frequently documented for within-generation plasticity (reviewed in Schlichting, 
1986; Scheiner, 1993).
One motivation for comparing transgenerational effects across a set of populations or 
genotypes can be to test its generality within a species. For instance, if a set of diverse 
genotypes expresses the same transgenerational effect, one can be very confident that it is 
commonly found in this species (Penfield and Springthorpe 2012). This could be the case if 
the environmental cue for the transgenerational effect is a very general one, e.g. herbivory 
in plants (Holeski et al. 2012, Rasmann et al. 2012). On the other hand, if a species exhibits 
strong genotype specificity in a transgenerational effect, it indicates that this effect is less 
general in this species. However, whether or not this also implies a reduced response, 
depends on the nature of the environmental cue. For example, when the environmental 
cue is ambient temperature and genotypes originate from sites with different climates, 
than genotype specificity is expected. In this case the genotype specific effect size should 
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be correlated with climate at origin (Mitchell-Olds and Schmitt 2006). As Mitchell-Olds 
and Schmitt (2006) state, such “clinal trait variation” is not sufficient evidence for local 
adaptation, but it is certainly a first indication for potentially climate driven evolution in this 
transgenerational effect. 
A plant species with a wide native distribution range across most of Eurasia is Arabidopsis 
thaliana, which is an attractive model species due to its short life-span (Donohue 2005, 
Mitchell-Olds and Schmitt 2006, Picó 2012). A. thaliana can follow different life-cycles, 
including winter and summer annual, or even biennial habit (Donohue 2009). But, especially 
in the southern distribution, it commonly exhibits a winter annual life-cycle, which is in many 
regions terminated by summer heat and drought (Wolfe and Tonsor 2014). An environmental 
cue for the approaching end of the growing season is the rising temperature in late spring, 
i.e. in the reproductive phase. It is therefore not surprising that several studies uncovered 
phenotypic transgenerational effects of increased temperature treatments (Whittle et al. 
2009, Suter and Widmer 2013a, b). Heat has negative effects on all life stages in this species 
(Zinn et al. 2010) and constitutes a potential selective agent. It is known that in A. thaliana 
phenotypic differences among genotypes are partly attributable to climatic differences 
throughout the species range (Fournier-Level et al. 2011, Hancock et al. 2011). For example 
flowering time and vernalization requirement in A. thaliana were correlated with climate at 
origin (Stinchcombe et al. 2004, Stinchcombe et al. 2005, Méndez-Vigo et al. 2011, Wolfe 
and Tonsor 2014, Hamilton et al. 2015). If transgenerational effects of mild heat contribute 
to adaptation in different climates, similar correlations are expected for their expression in 
different genotypes. 
However, within-generation phenotypic plasticity may diversify not only in response 
to natural selection but also due to genetic drift or evolve indirectly through genetic 
correlations with traits under selection (Van Kleunen and Fischer 2005). The same can 
plausibly be expected for transgenerational plasticity. Similar to within-generation plasticity 
adaptive transgenerational plasticity can evolve if the environment is both heterogenous 
(temporally and/or spatially) and predictable (Reed et al. 2010, Leimar and McNamara 2015). 
Specifically, an environmental cue that induces an adaptive plastic response must to some 
degree predict the expected fitness associated with this response (Herman et al. 2014). 
Therefore, environmental correlations across generations are a hypothesized prerequisite 
for adaptive transgenerational plasticity to evolve (Burgess and Marshall 2014, Leimar and 
McNamara 2015); circumstances which are not easily derived from experimental settings. 
Whether or not a transgenerational effect is advantageous is therefore best evaluated on 
the basis of conceptual models.
R1
R2
R3
R4
R5
R6
R7
R8
R9
R10
R11
R12
R13
R14
R15
R16
R17
R18
R19
R20
R21
R22
R23
R24
R25
R26
R27
R28
R29
R30
R31
R32
R33
R34
R35
R36
R37
R38
R39
Transgenerational effects linked to climate of origin
99
5
Moreover, it is also unclear how environmental cues that were received in different 
ancestral generations (e.g. parental or grandparental) interact to shape the offspring 
phenotype. Theory suggests a decrease in the predictive value of environmental information 
in more distant generations which implies that grandparental effects less likely contribute to 
adaptive variation than parental effects (Herman et al. 2014, Leimar and McNamara 2015). 
Also parents have more opportunities to influence their offspring, than grandparents. Due 
to a missing direct contact between generations it was often argued that grandparental 
effects must have an epigenetic basis (Whittle et al. 2009, Luna et al. 2012, Rasmann et al. 
2012). For parental effects, however, exist many alternative transmission ways, including 
modification of the seed coat or differential seed provisioning (Herman and Sultan 2011)
This contrasts the concept of “true transgenerational effects” that aims to differentiate 
between the sometimes versatile effects of a mother on the developing embryo (maternal 
effect) and the more specific changes in chromatin organization that bear the potential 
of “soft inheritance” across several generations and therefore a greater potential to be 
favored by selection (Grossniklaus et al. 2013, Heard and Martienssen 2014). Following 
this concept, it was proposed that phenotypic responses to ancestral treatments beyond 
the parental generation (e.g. grandparental effects) indicate a true transgenerational effect 
since the embryo was not directly exposed to the treatment (Whittle et al., 2011). A third 
concept however, postulates that long-lived plants get accustomed to a new environment 
over time, which is called “acclimation” (Kozlowski and Pallardy 2002). Interestingly, it has 
been observed in plants and animals that the number of generations that ancestors were 
exposed to a specific environment plays an important role in the expression of the response 
(Remy 2010, Suter and Widmer 2013a, b, Groot et al. 2016), which in some cases suggests 
acclimation across several generations (Remy 2010). The acclimation hypothesis predicts 
that an adaptive transgenerational response after parental exposure to a new environment 
gets even stronger after two ancestral generations of exposure. These three concepts are 
not mutually exclusive. To investigate which hypothesis fits best with transgenerational 
plasticity in plants, an experimental approach that includes grandparental, parental and two 
consecutive generations of heat treatment across a set of diverse genotypes can be used. 
Trait expression in offspring of these experimental groups can then be considered as two 
different genetically correlated characters, in analogy to Falconers (1952) suggestion for G×E 
interactions. Correlations between genotypic mean values of these characters can then be 
used to study this interaction.
In this study we systematically evaluated the transgenerational responses to mild heat 
stress in a set of 14 A. thaliana genotypes from a wide geographical range. We differentiated 
between heat exposure in the parental, grandparental and both parental and grandparental 
(two consecutive) generations. Genotype mean transgenerational responses to heat were 
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subsequently correlated among experimental groups and related to the natural ancestral 
environmental conditions (i.e. the location of origin). To evaluate potential adaptiveness 
of the observed transgenerational effects we further constructed a conceptual model. We 
explicitly tested the following hypotheses:
 
1. Transgenerational effects exhibit a genotype specificity, which harbors variation 
that is correlated with climatic conditions at the site of origin.
2. Plants acclimate across several generations to mild heat but the parental 
environment has a stronger effect on the offspring phenotype than the 
grandparental environment.
MATERIAL AND METHODS
Plant material
We used 14 different accessions from different environments representing a large part of 
the Eastern European distribution range of A. thaliana (Fig. 1a, Supporting Information Table 
S1). Seeds were obtained from The Nottingham Arabidopsis Stock Centre (NASC; http://
arabidopsis.info/), where the accessions were propagated and maintained under uniform 
conditions for several generations. Because A. thaliana is mainly a self-pollinating species 
(95-99% in the native range, but see Bomblies et al. 2010) and due to several previous selfing 
generations, individuals can be considered homozygous at most loci (Mitchell-Olds and 
Schmitt 2006, Hamilton et al. 2015). For each accession, one single seed from a single seed 
progeny was used at the start of the first generation. All used accessions were previously 
genotyped at high resolution (see Appendix 1). In the following we use the term “genotype” 
instead of “accession” for clarity reasons. All subsequent generations were self-fertilised.
Experimental design
Of each genotype about 80 seeds were sown in a tray (18.5 x 14 x 5 cm), on a 1:1:2 mixture of 
sand, vermiculite and sieved potting soil. After stratification at 4°C for 3 days, the trays were 
placed for one week in a climate chamber (20°C/16°C day/night, 16h/8h, day/night and light 
conditions of 236 µmol m-2 s-1) until all trays contained seedlings and were subsequently 
vernalized for 3 weeks (4°C day/night, 12h/12h day/night and light conditions of 101 
µmol m-2 s-1). After vernalization 20 random seedlings per genotype were transplanted to 
individual pots (5 cm diameter, 18 cm deep, 0.35 l volume) and grown on the previously 
described soil mixture. Pots were randomized in trays, with 13 plants per tray, to a total of 
280 plants. We randomized across genotypes and replicates, with several genotypes per 
tray and arranged trays as blocks in a randomized block design. All plants were placed in a 
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climate chamber at 20°/16°C day/night, 16h/8h day/night and light conditions of 236 µmol 
m-2 s-1; hereafter referred to as ‘control conditions’. When 90% of all plants per genotype 
had started bolting, the 20 replicates were randomly assigned to two groups (10 replicates 
per group). One group stayed in control conditions (21°C), the other was assigned to a mild 
heat treatment (30°C) in a similar climate chamber, hereafter heat conditions (Fig. 1b; S1 
generation). Apart from temperature, all settings were similar to the control treatment. The 
plants were kept in these treatments until senescence.
Upon flowering ARACONS (BETATECH bvba, Gent, Belgium) were placed over the plants 
to avoid cross-pollination and to prevent seed loss. Plants were watered three times per 
week from the bottom with tap water. When plants had ceased flowering and started 
to senescence watering was stopped and plants were left to dry for four to eight weeks, 
allowing after ripening of seeds under similar conditions. From each individual, all seeds per 
plant were harvested and stored in 1.5ml reaction tubes.
For the next generation seeds from 5 randomly chosen plants per genotype and 
treatment were pooled. From those seeds 20 seedlings were raised per parental treatment 
and genotype in the same way as the previous generation and again divided over the 
two treatments, control (21°C, n=10) and heat (30°C, n=10) when 90% of all plants per 
experimental treatment had started bolting. This experimental design resulted in 4 
experimental groups per genotype (Fig. 1b; S2 generation) with a total of 560 plants in 43 
trays.
In the third generation the same procedure was repeated, but offspring from 21-30 (first 
number represents the S1-treatment; second number the S2-treatment) and 30-30 were 
only grown at 30°C, due to space limitations, resulting in a total of 6 different experimental 
groups per genotype (Fig. 1b; S3 generation) with a total of 840 plants in 65 trays. At 30°C, 
we included control offspring (21-21), parental mild heat offspring (21-30), grandparental 
mild heat offspring (30-21) and two consecutive generations of mild heat exposure (i.e. 
dose effect, 30-30). At 21°C only offspring from control (21-21) and grandparental heat 
(30-21) were included. In this experiment we were especially interested in the offspring 
performance under elevated temperature, since this simulates best the natural ambient 
temperatures during reproduction in the Mediterranean. 
Measurements
Rosette diameter was measured 20 days after germination. Flowering time was recorded 
daily and is expressed as the number of days from germination until opening of the first 
flower (all petals visible) excluding the vernalization time. Total seed weight (reproductive 
biomass) was determined for each individual plant and used as a proxy for plant fecundity. 
Seed size, a proxy for offspring quality, was measured by taking standardized (same distance, 
same object lens, same illumination) pictures of ca.170 seeds per S3 plant (Camera: 
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Canon EOS 1000D, Canon Compact-Macro Lens EF 50mm, 1:2.5). Customized macros in 
the open source ImageJ distribution Fiji (Schindelin et al. 2012) were used to identify the 
seeds, separate them from the background and non-seed particles (using size=80-500 and 
circularity=0.65-0.95) and measure their area in pixels.


Figure 1. a) Collection site of all genotypes, with the exception of Col-0 which is from USA. b) 
Experimental plot across 3 generations (S1-S3). For each accession a single A. thaliana plant served 
as a founder for the pedigree. At each branching point one offspring of a replicate plant was allocated 
to each of the subsequent treatment groups. At the base each treatment series is identified with its 
“ancestral treatment” label.
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Statistical analysis
Transgenerational plasticity
To test for a G×E interaction in transgenerational plasticity we fitted for each measured trait 
of plants under heat conditions a linear mixed effects model with fixed effects of genotype 
and ancestral treatment (a factor consisting of control, parental, grandparental and two 
consecutive generations of heat exposure) and a random effect of tray (model 1). To infer 
individual genotype responses to ancestral heat exposure, three predefined contrasts were 
extracted from model 1 which compared each ancestral heat treatment (30-21, grandparental 
effects; 21-30, parental effects and 30-30, two consecutive generation effects) to the control 
group (21-21) that had no heat treatment in the experimental ancestral line. In addition, to 
include the effects of the heat treatment during reproduction on plant fitness, we fitted a 
linear mixed effects model to reproductive biomass and seed size including both offspring 
treatment groups (model 2). This model included all offspring of the two ancestral treatment 
groups grown under both control and heat conditions (21-21 and 30-21, the control and 
grandparental treatment, respectively), with offspring treatment, genotype and ancestral 
treatment as fixed effects and tray as a random effect. All models were adjusted for variance 
heterogeneity by weighting the variance estimate for each level of each contained fixed 
effect (using the varIden and varComb functions in the R package nlme).
Considering trait expression induced by treatment conditions of preceding generations 
in the different treatment series (Fig. 1b) as different genetically correlated characters 
(Falconer 1952), Pearson correlations between genotype mean values (Model 1 genotype 
× ancestral treatment effect sizes) were calculated to investigate how grandparental and 
parental effects interact to influence the offspring phenotype. All analyses were performed 
in R version 3.1.2, using the nlme package version 3.1-128 (Pinheiro et al. 2015, R Core Team 
2016).
Correlations between ancestral treatment response and environmental parameters
In all further analysis we focused on transgenerational plasticity in flowering time because 
the start of reproduction is a very important life-history transition that must be well-
timed (Griffith and Watson 2005, Wolfe and Tonsor 2014). To test our hypothesis that 
the G×E interaction in transgenerational plasticity harbors variation that is correlated 
with geographical and climatic variables from the sites of origin, we obtained 19 different 
bioclimatic values from the WorldClim database (Hijmans et al. 2005) from the collection 
site of each genotype. In the absence of information on the climate history of the 
genotypes, average climate (derived from monthly precipitation and temperature data over 
1950-2000) at the collection site is the best available proxy for climate related selection. In 
addition to these climate variables, geographical information on the original location of the 
genotypes such as longitude, latitude and altitude, were included in the analysis (Supporting 
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Information Table S1). To reduce the number of geographic and climatic variables, and to 
avoid multi-collinearity, a principal component analysis (PCA) based on a correlation matrix 
was carried out on all geographic and climatic variables. Highly correlated variables were 
excluded from analysis. The final PCA consisted of altitude, BIO8 (mean temperature of the 
wettest quarter), BIO9 (mean temperature of the driest quarter), BIO10 (mean temperature 
of the warmest quarter), BIO17 (precipitation of the driest quarter) and BIO18 (precipitation 
of the warmest quarter). We used linear regression to test if the first PCA axis explained a 
significant proportion of variance in the flowering time effect sizes of parental, grandparental 
and the two consecutive generations effects. The regressions included the first two axis 
of the PCoA of genomic differentiation (60% explained variation, Fig. S2) as covariates to 
account for effects of population structure following the approach of Kronholm (Kronholm 
et al. 2012).To test the significance of regression slopes we used Bayesian 95% credible 
intervals (CrI) based on 2000 simulations with non-informative priors using the sim function 
implemented in the R-package “arm” (Gelman et al. 2009). When the CrI did not include 
zero the slope estimate was considered to be significant.
To identify the strongest individual correlations of geographic and climate variables 
with parental, transgenerational and two consecutive generations effects (using model 
coefficients of model 1) on days to flowering, we calculated Pearson’s correlation coefficients 
and adjusted the p-values for multiple testing for all traits separately (Benjamini and 
Hochberg 1995). For the strongest individual predictors we also performed the regression 
analysis with population structure correction. All analyses were performed in R version 
3.1.2, using the stats package (R Core Team 2016).
Conceptual model of parental effects on flowering time
To investigate under which environmental conditions earlier flowering is an adaptive 
response to parental heat experience, we constructed a conceptual model to simulate 
the fitness consequences of transgenerational effects under different environmental 
conditions. The aim of this model was to test the principle; it is therefore not based on our 
experimental data, but qualitatively informed by our results. The individual-based model 
simulates how the date of flowering onset affects seed production, as an important plant 
fitness component. We modeled the relation between flowering date zi and relative fitness 
as a trade-off between cost of early flowering C, that arise from the low frost resistance of 
flowers (Sakai and Larcher 2012) and therefore decreases over the course of the flowering 
season and a temporally growing cost of late flowering H that may result from increasing 
temperatures and heat stress over the course of the season. Based on these two cost 
functions, the relative fitness is then calculated as ωi = (1 − Ci)(1 − Hi), for any individual i with 
flowering date zi (Fig. 5a). An individual’s flowering date is determined by a combination of 
its genetically encoded flowering date, transgenerational effects and additional phenotypic 
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plasticity. For the effect of transgenerational plasticity we assume that a mother can 
potentially transfer information about experienced conditions to her daughter, who then can 
use this information to adjust her own flowering time. A simple model of transgenerational 
plasticity reduces the genetically encoded mean flowering date by a linear function of the 
heat stress experienced by the mother (Hm) so that the phenotypically expressed flowering 
date zi is calculated for each individual i as
 zi = αi − γi Hm,i + εi  (eq. 1)
εi ~ Gauss(0, σz²),
where αi and γi are traits that determine the genetically encoded mean flowering date and 
the strength of transgenerational plasticity, respectively, and εi is the residual error with 
mean zero and variance σ
z
².
We then used this model to evaluate the long-term mean fitness as a function of plant 
traits (α, γ) and to identify optimal trait combinations for a range of environmental scenarios. 
We focused on the effect of heat stress at the end of the flowering season and thus simulated 
inter-generational variation in the timing of heat stress (Fig. 5b). Fitness consequences from 
transgenerational plasticity were then compared among environmental scenarios that 
varied in the mean timing of heat stress and its temporal autocorrelation. Further details of 
the simulation model and the environmental scenarios are given in Appendix 2.
RESULTS
Effects of offspring treatment conditions
The mild heat treatment, which started with the transition to the reproductive stage 
(bolting) had a significant negative effect on total reproductive biomass (Fig. 2a, Table 1 
(Model 2)) in all A. thaliana genotypes. This demonstrates that the mild heat treatment had 
negative effects on plant fitness in general. However, mild heat did positively affect seed size 
in most genotypes (Fig. 2b), indicating that mother plants may plastically respond to heat 
experience via enhanced seed provisioning. In both traits, significant genotype × offspring 
treatment interactions were observed indicating that genotypes responded differently to 
mild heat during the reproductive phase (Table 1 (Model2)).
Effects of genotype and transgenerational plasticity
In all traits we observed significant effects of genotype, ancestral treatment and their 
interaction under heat condition (Table 1 (Model 1), Fig. 2c, d, e, f). Effects of ancestral 
treatment were surprisingly strong and in flowering time even comparable to the effects of 
genotype (Table 1 (Model 1), Fig. 2d). Also the ancestral treatment × genotype interactions 
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were highly significant in all traits (Table 1 (Model 1)), indicating genetic variation in 
transgenerational plasticity to mild heat (Fig. 2c, d, e, f).
To further understand how the ancestral effects varied across genotypes, treatment 
contrasts were obtained from Model 1. The effect sizes and their associated p-values are 
provided in Table 2. As indicated by the G×E interaction for transgenerational plasticity, the 
effect sizes of grandparental, parental and two generations of heat exposure differed strongly 
among genotypes (Table 2) and within genotype among the three ancestral treatment levels. 
For example, rosette diameter was positively affected by grandparental heat experience but 
mostly negatively by parental heat experience (Table 2). A similar pattern was observed in 
seed size with significantly larger seed size in half of the genotypes (only UOD-1 had smaller 
seeds) after grandparental heat exposure, but only two genotypes (one with larger and one 
with smaller seeds) were significantly affected following parental heat exposure and no 
effect after two generations heat exposure (Table 2). In contrast, flowering time, which was 
the trait with the largest variance component for ancestral treatment, was mostly negatively 
or not at all affected by the ancestral heat treatment with the exception of the genotypes 
Fei-0, (grandparental heat) and Lp2-2 (parental heat). This shows that the genotypes that 
showed a transgenerational effect of mild heat in flowering time almost always flowered 
earlier. Finally, reproductive biomass, the best fitness proxy of the four measured traits, 
showed positive effect sizes in some genotypes and negative in others, though the response 
of individual genotypes never changed sign across ancestral treatments.
Considering trait expression induced by ancestral treatment conditions as different 
genetically correlated characters (Falconer, 1952), Pearson correlations between genotype 
effect sizes (Model 1) for each ancestral treatment effect were calculated to investigate how 
grandparental and parental effects interact to influence the offspring phenotype. Genotype 
effect sizes (Model 1) of grandparental heat exposure were not correlated with either 
parental or two generations heat exposure effect sizes in the three traits rosette diameter, 
flowering time and seed size (Table S2). This was contrasted by significant correlations 
in all traits among genotype effect sizes of parental and two generations heat exposure, 
indicating that parental heat exposure had a stronger influence on the phenotype of the 
two-generation exposure than grandparental mild heat. Notably, an exception was observed 
for reproductive biomass, our best fitness proxy. For this trait effect sizes of all three 
experimental groups were significantly correlated indicating that high genetic correlations 
underlie the general performance of A. thaliana genotypes under experimental conditions 
independently of ancestral treatments (Table S2). Further, a slight increase in reproductive 
biomass in two-generation-exposure offspring supported by the significant main effect 
“ancestral treatment” (Table 1 (Model 1)) and resulting from simultaneous changes in many 
genotypes, suggests a general acclimatization to the experimental conditions.
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Table 2 Effect sizes of linear mixed-effects model 1 for treatment contrasts to the base of the ancestral 
control treatment in the same genotype. Significant effect sizes (p-values < 0.05) are highlighted with 
bold font and colored according their sign (red = positive, blue = negative), marginally significant effect 
sizes (p-value < 0.1) are only colored according their sign.
Grandparental effect Parental effect Two generation effect
Trait Accession Effect size p-value Effect size p-value Effect size p-value
Rosette diameter 
day 20 (mm)
Angit 3.82 0.251 -7.06 0.034 -8.47 0.011
Borsk-2 7.89 0.038 4.68 0.231 12.97 0.001
Col-0 -4.54 0.241 1.96 0.614 -3.98 0.304
Fei-0 9.20 0.084 7.11 0.181 26.40 <0.001
Kly-1/5 4.47 0.178 -8.15 0.024 -8.62 0.011
Lecho-1 7.41 0.069 -10.85 0.008 0.87 0.831
Lp2-2 11.02 0.007 -12.83 0.002 -0.14 0.973
Mammo-2 10.66 <0.001 6.57 0.024 8.91 0.002
Petergof -0.56 0.916 2.33 0.661 6.37 0.230
Slavi-1 -2.25 0.668 9.57 0.068 -1.94 0.710
Sorbo 9.15 0.012 0.20 0.957 -0.28 0.939
Ull2-3 -1.91 0.662 -1.80 0.680 -8.53 0.050
UOD-1 2.53 0.478 -11.65 0.001 -6.49 0.067
Ws-0 -6.40 0.054 -11.74 <0.001 0.81 0.812
Flowering time 
(days)
Angit -1.79 0.065 -3.01 0.006 -5.50 <0.001
Borsk-2 -2.99 <0.001 -3.39 <0.001 -6.37 <0.001
Col-0 0.58 0.571 -0.07 0.952 0.73 0.617
Fei-0 1.56 0.049 -1.23 0.103 -1.89 0.005
Kly-1/5 -2.94 0.016 1.18 0.429 0.23 0.858
Lecho-1 -12.38 <0.001 -2.72 0.258 -4.28 0.050
Lp2-2 -1.65 0.001 1.29 0.016 -2.26 <0.001
Mammo-2 -3.12 0.003 -2.64 0.050 -3.49 0.001
Petergof -0.21 0.659 0.81 0.165 -1.98 <0.001
Slavi-1 -4.55 <0.001 -3.54 0.005 -0.53 0.625
Sorbo -1.56 0.024 -3.48 <0.001 -2.54 <0.001
Ull2-3 -0.46 0.552 -0.29 0.748 1.55 0.102
UOD-1 -0.56 0.594 1.15 0.250 0.40 0.672
Ws-0 0.23 0.754 -2.67 <0.001 -2.96 <0.001
Seed size (pixel)
Angit -3.51 0.685 8.13 0.334 -3.89 0.653
Borsk-2 33.0 0.002 15.0 0.156 10.8 0.321
Col-0 24.3 0.121 17.6 0.247 16.4 0.295
Fei-0 17.3 0.039 5.62 0.527 -0.85 0.921
Kly-1/5 39.5 0.009 -41.7 0.027 -28.4 0.073
Lecho-1 62.9 <0.001 1.92 0.897 0.64 0.967
Lp2-2 17.0 0.133 19.6 0.090 -1.07 0.926
Mammo-2 34.8 0.019 -0.01 1.000 1.90 0.898
Petergof -3.79 0.710 -16.1 0.060 -2.02 0.813
Slavi-1 -27.1 0.078 4.93 0.748 -3.05 0.843
Sorbo 10.6 0.554 24.5 0.184 -10.2 0.569
Ull2-3 54.8 0.008 -14.8 0.483 3.60 0.865
UOD-1 -23.5 0.003 21.1 0.014 7.18 0.369
Ws-0 -5.66 0.591 -0.65 0.951 -15.6 0.139
Total seed weight 
(mg)
Angit -0.01 0.560 -0.01 0.555 0.03 0.003
Borsk-2 0.03 0.005 0.01 0.295 0.05 <0.001
Col-0 -0.04 <0.001 -0.02 0.009 -0.01 0.531
Fei-0 0.00 0.657 0.04 <0.001 0.04 <0.001
Kly-1/5 0.04 <0.001 0.01 0.477 0.01 0.139
Lecho-1 -0.03 0.014 -0.02 0.034 -0.02 0.033
Lp2-2 0.04 <0.001 0.04 <0.001 0.01 0.177
Mammo-2 0.04 0.001 0.04 <0.001 0.06 <0.001
Petergof -0.04 0.001 0.00 0.944 -0.02 0.067
Slavi-1 0.01 0.349 0.00 0.763 -0.01 0.334
Sorbo 0.01 0.179 -0.01 0.522 0.00 0.848
Ull2-3 0.01 0.528 -0.01 0.251 -0.01 0.215
UOD-1 -0.06 <0.001 -0.04 <0.001 -0.02 0.080
Ws-0 0.01 0.286 -0.03 0.001 0.01 0.476
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Figure 2. Ancestral treatment group averages (± SE) for all measured traits: reproductive biomass (a) 
and seed size (b) under S3 control treatment (light and dark blue) and heat treatment conditions (light 
and dark yellow) and rosette diameter (c), flowering time (d), reproductive biomass (e), seed size (f) 
under S3 heat treatment conditions. Under S3 control conditions only the ancestral control treatment 
group (21-21) and the grandparental treatment group (30-21) were available.
Effects of offspring environment on grandparental effects
Two ancestral treatments, control (21-21) and grandparental (30-21) heat experience 
were tested in two different offspring environments; under control and mild heat S3-
conditions. Since offspring conditions were different only from start of flowering (start of 
mild heat treatment), they were only relevant for the late developing traits seed size and 
reproductive biomass. For seed size, grandparental effects did not differ among offspring 
treatment conditions because both the S3-treatment × ancestral treatment interaction 
and the three-way interaction (including genotype), were not significant (Table 1 (Model 
2)). For reproductive biomass, the S3-treatment × ancestral treatment interaction was not 
significant, indicating that the average effect of ancestral treatments was similar under 
control and mild heat offspring temperatures. However, individual genotypes showed 
different trait expression in the two offspring treatments, since the three-way-interaction 
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was significant (Table 1 (Model 2)). Still, these individual deviations from the general 
tendency were not strong (Fig. 2a, Table S3), as a comparison of effect sizes indicated that 
they were highly correlated among offspring treatments (r=0.85, t=5.71, df=12, p<0.001). 
Therefore, in both traits, offspring environmental conditions had little influence on the 
expression of grandparental effects.
Transgenerational effects on flowering time
Especially in annual plants, the start of reproduction is a very important life-history transition 
that must be well timed (Griffith & Watson, 2005; Wolfe & Tonsor, 2014). Therefore, we 
carried out a more detailed analysis of flowering time that included correlations with 
climate variables.
The effect sizes of the grandparental effect on flowering time correlated strongly with 
the flowering time of control plants (r=-0.95, t=-10.0, df=12, p<0.001, Fig. 3a) but not with 
flowering time of plants whose grandparents experienced a mild heat treatment (r=-0.39, 
t=-1.5, df=12, p=0.16, Fig. 3b). Thus indicating that genotype difference in the first, but not 
in the latter predominantly influenced the effect sizes. The correlation remained significant 
when the outlier genotype (Lecho-1) which flowered 12 days earlier when grandparents 
had been exposed to mild heat, was excluded from the analysis (r=-0.85, t=-5.37, df=11, 
p<0.001). This means that the grandparental effect on flowering time was predominantly 
driven by an earlier flowering of the late flowering genotypes (Fig. 3), which resulted in 
more similar flowering times across genotypes. We did not observe this effect in parental or 
two-generations effects of mild heat on flowering time.
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Figure 3. Correlation between the effect size of the grandparental effect (e.i. BLUEs, displaying the 
number of days 21-21 plants flowered earlier than control plants) and (A) the average flowering time 
of the control plants or (B) ancestrally treated plants (30-21). When ancestors had not experienced 
heat the correlation was highly significant (r=-0.95, t=-10.0, df=12, p<0.001), even without the 
outlier, Lecho-1 (r=-0.85, t=-5.37, df=11, p<0.001). When the grandparents had experienced heat this 
correlation was not observed (r=-0.39, t=-1.5, df=12, p=0.16), since flowering time of late flowering 
plants was shifted to earlier times.
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Correlations with geographical and climate variables
The PCA of climate and geographic variables captured 57% and 24% of the variance, 
respectively (see Supporting information Fig S1 and Table S4 for loadings of the first two 
axes). The highest loadings of the first axis were mean temperature of the driest quarter 
(BIO9, 0.5), precipitation of the warmest quarter (BIO18, -0.51) and precipitation of the 
driest quarter (BIO17, -0.44). We used the first principal component (PC1) of the climate 
decomposition to test for association with flowering time and transgenerational effects. 
Linear regressions on the PC1 were not significant for control flowering time (b=0.28, 
CrI95%: -1.63, 2.28; Fig. 4a) as well as flowering time effect sizes for grandparental (b=-
0.42, CrI95%: -2.06, 1.19; Fig. 4b) and two generations of mild heat (b=-0.36, CrI95%: -1.42, 
0.74; Fig. 4d). On the contrary, the genotype specific effect sizes for the parental effect were 
significantly associated with PC1 (b=-0.72, CrI95%: -1.40, -0.11; Fig. 4c) while accounting for 
population structure. 
The two climate variables with strongest prediction power after FDR correction across 
all climate and geographic variables (Table S6) were mean temperature of the driest 
quarter (BIO9) and precipitation of the warmest quarter (BIO18). The parental effect was 
significantly associated with BIO9 (b=-0.012, CrI95%: -0.021, -0.004; Fig. 4e). Since the unit 
of BIO9 is °C×10 this means that offspring of heat treated plants advanced flowered on 
average 1.2 days with every 10 °C difference in mean temperatures of the driest quarter at 
site of origin. For BIO 18 the slope was marginally significant (b=0.015, CrI90%: 0.007, 0.029; 
Fig. 4f). All regression models included the first two PCs of the genomic differentiation PCoA 
as covariates and the credible intervals therefore included the uncertainty arising from 
population structure. Notably, while accounting for 60% of genomic variation in our samples 
the two PCs were not significant in any regression model. 
Acclimation in genotypes of Mediterranean origin
In this experiment we did not observe a strong acclimation to experimental conditions. 
However, since the G×E interaction in the parental effects is partly explained by climate 
variables it seems reasonable that specifically genotypes from these climates may acclimate 
via flowering time. Indeed, 4 out of 6 genotypes that flowered significantly earlier after 
parental heat exposure, showed even earlier flowering after two-generation-exposure to 
mild heat (Table 2). In the genotypes Angit and Borsk-2 the difference was 2.5 and 3 days. 
Also two genotypes with negative but not significant parental effects flowered significantly 
earlier after two-generation-exposure (Table 2). However, also 2 genotypes which had not 
responded to parental heat through earlier flowering did so in response to two-generations-
exposure to mild heat and the genotype Slavi-1 responded with 3.5 days earlier flowering 
to parental heat but showed no response to two-generations-exposure to mild heat. 
Therefore, we see mixed evidence, though with a slightly stronger support for acclimation 
in Mediterranean genotypes, than against it.
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Figure 4. Linear regressions on the climate PC1 for flowering time of control plants ((a), b=0.92, t=1.5, 
p=0.152) and the effect sizes (model 1) the grandparental mild heat ((b), b=-0.69, t=-1.4, p=0.187), 
parental heat ((c), b=-0.78, t=-3.9, p=0.002), and two consecutive generations heat experience (d, b=-
0.58, t=-1.8, p=0.104) for flowering time. (e, f) Effect sizes (model 1) of parental mild heat regressed 
on the two climatic variables showing strongest climate correlation (e) mean temperature of the 
driest quarter (BIO9, b=-0.011, t=-3.6, p=0.004) and (f) precipitation of the warmest quarter (BIO18, 
b=0.015, t=3.7, p=0.003). Dashed lines indicate the 95% confidence interval.
Conceptual model of parental effects on flowering time
The conceptual model predicted that parental effects, which induce earlier flowering, 
could increase plant fitness if parent and offspring environment are correlated (i.e. 
temporal autocorrelation; Fig. 5d). However, these parental effects are predicted to be 
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5
disadvantageous when there is no temporal autocorrelation in the timing of heat stress (Fig. 
5c). The evaluation of potential fitness advantages from transgenerational plasticity over a 
wide range of environmental scenarios demonstrated that these advantages become larger 
not only for higher temporal autocorrelation but also for shorter flowering seasons with an, 
on average, earlier onset of heat stress (Fig. 5e).
     
Figure 5. Conceptual model for investigating fitness consequences of transgenerational plasticity in 
flowering schedules. (a) Relative plant fitness as a function of flowering date results from climate-
dependent costs of early (C) or late (H) flowering in the season. (b) Exemplary environmental scenario 
of inter-seasonal variation in the timing of heat stress dH. Scenarios vary in the mean μdH and temporal 
autocorrelation ϕ, with constant variance σ²dH = 100. (c & d) Long-term mean plant fitness as a function 
of genetically encoded mean flowering date α and strength of transgenerational plasticity γ in two 
environmental scenarios with different degrees of temporal autocorrelation ϕ. (e) Potential fitness 
benefit from transgenerational plasticity across environmental scenarios that vary in the mean timing 
of heat stress μdH and the degree of temporal autocorrelation ϕ. Fitness benefit from transgenerational 
plasticity calculated as difference between the mean fitness for optimal trait combinations and the 
mean fitness for respectively optimal α in the absence of transgenerational effects (γ=0).
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DISCUSSION
In this study we evaluated the effects of ancestral heat stress on 14 diverse A. thaliana 
genotypes. Our results indicate that transgenerational effects to mild heat are common in 
A. thaliana, although grandparental effects in particular must be interpreted cautiously. Our 
results support the hypothesis that parental effects contribute more strongly to the offspring 
phenotype than grandparental effects. In all traits we observed strong genotype × ancestral 
treatment interactions. Most intriguingly, earlier flowering times after parental heat exposure 
were observed rather in genotypes from environments with hot and dry summers (e.g. 
Mediterranean climate) than in genotypes from temperate regions. In addition, the majority 
of genotypes from Mediterranean climates showed acclimation of flowering time which was 
accelerated after two-generations-exposure to mild heat. A conceptual model (for parental 
effects only) showed that such a parental effect is favored by temporal autocorrelation and 
short growing seasons, which reflect a high selection pressure. It is disadvantageous in the 
absence of environmental correlations among generations. In summary, our results suggest 
that the flowering time response to parental heat in A. thaliana genotypes from climates 
with hot and dry summer may provide a preadaptation to the predicted increase in summer 
temperature and decrease in summer precipitation for these regions due to global climate 
change. 
Grandparental effects
Using a set of genetically diverse and differentially adapted A. thaliana genotypes and 
measuring several phenotypic traits we showed that grandparental effects in response to 
mild heat are a common phenomenon in all genotypes and traits. Beyond the principal ability 
of mild heat to induce transgenerational effects in A. thaliana (Whittle et al. 2009, Suter and 
Widmer 2013a, b), little was known how these effects vary among diverse genotypes. In 
all traits significant genotype × ancestral-treatment interactions were observed, indicating 
genetic variation for transgenerational effects. Genetic variation in transgenerational effects 
has been interpreted in terms of inconsistency of transgenerational effects (Verhoeven and 
van Gurp 2012) or as evolutionary potential when observed within a population (Schmitt et 
al. 1992, Schmid and Dolt 1994, Galloway 2001, Holeski 2007). In contrast, our study focused 
on genotypic variation between populations. This specific interaction has little attention in 
previous research on transgenerational effects (but see Penfield & Springthorpe, 2012; Suter 
& Widmer, 2013a, b) although genetic variation in transgenerational effects may reflect a 
response to selection in different environments. The genotype × ancestral- treatment 
interaction can also be exploited to test how information of ancestral environments 
contributes to offspring phenotypes.
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Grandparental effects of mild heat were frequently observed in our experiment and, 
if they constitute so-called “true transgenerational inheritance”, this would suggest that 
grandparental effects indeed are a common phenomenon and likely subject to selection 
(Grossniklaus et al. 2013, Heard and Martienssen 2014). However, some of our results 
suggest a more cautious interpretation. For example, rosette diameter and seed size were 
mostly positively affected by grandparental heat exposure but little (seed size) or even 
negatively (rosette diameter) by parental heat exposure. This rather suggests an alternative 
explanation for grandparental effects; namely that they are partly a “parental response to 
stress release” after a generation of heat exposure. This is in line with a complex model of 
phenotypic continuity across generations (Badyaev and Uller 2009), in which the plant’s 
perception of its environment partly depends on the environment of the parents. These 
results represent a further challenge to unravel grandparental or “true transgenerational” 
effects.
The grandparental effect on flowering time differed from the above traits because it 
was only observed in late flowering genotypes, which flowered earlier, thereby unifying 
flowering time across genotypes. Such a shift of flowering time in response to ancestral heat 
treatments was also observed earlier (Whittle et al. 2009, Suter and Widmer 2013a, b). The 
resulting uniform flowering of genotypes after grandparental mild heat shows an intriguing 
similarity with the unifying effect of vernalization on flowering time and has been observed 
earlier as an immediate plastic response of late flowering A. thaliana genotypes to elevated 
ambient temperatures (Balasubramanian et al. 2006). This indeed suggests a contribution 
of “true transgenerational” effects in this trait, as the observed grandparental effect was 
similar to the reported “within-generation plasticity” which seems to have been conserved 
across an intermediate generation with lower ambient temperatures (Grossniklaus et al. 
2013, Heard and Martienssen 2014).
Parental effects
Despite this evidence for “true transgenerational effects” in one of the traits, correlations 
among genotype mean values for the reaction norm to ancestral treatments indicated that 
in most traits only the parental effects contributed to the two-generation effect, suggesting 
that parental effects of mild heat can “overrule” grandparental effects on offspring 
phenotype. This observation corroborates the hypothesis that parental effects may stronger 
influence offspring phenotype, which was hypothesized due to their superior predictive 
ability of offspring environment (Herman et al. 2014, Leimar and McNamara 2015). 
However, this was not observed for reproductive biomass, which was similarly influenced by 
parental and grandparental effects, indicating that the observed transgenerational plasticity 
had only limited power to influence plant fitness under our experimental conditions. We 
therefore reject the hypothesis of a general acclimation (Kozlowski and Pallardy 2002) to our 
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experimental conditions. Taken together, our results suggest that one “reset” generation may 
not be sufficient to find only “true transgenerational effects” in the offspring. However, they 
also suggest that in some traits a more stable memory of an ancestral plastic response may 
be observed. Most evidence suggests a greater importance of parental effects for offspring 
phenotypes. However, controlled climate chamber experiments do not allow a conclusion 
whether these parental effects are adaptive under natural condition. In particular, changes 
in flowering time were confounded with the experimental procedure, since the start of 
the heat treatment was linked to the start of bolting and did therefore not affect plant 
fitness in our experiment despite the superior performance of plants at lower (i.e. control) 
temperatures.
Correlations with climate
One of our most notable results was that parental effects of mild heat on flowering 
time induced earlier flowering in genotypes from sites with hot and dry summers (e.g. 
Mediterranean climate), while genotypes from temperate climates did not or only weakly 
respond to this treatment. Furthermore, many genotypes from Mediterranean climates 
showed an acclimation response by earlier flowering after two generations of exposure 
to mild heat. To our knowledge this is the first observation of a link between the risk of 
desiccation (when reproducing too late) and a transgenerational plasticity response that 
potentially allows to escape this risk. Earlier flowering is a well known evolutionary response 
to increased aridity (Franks et al. 2007, Franks 2011), is one of the most common phenotypic 
clines along aridity gradients (Kigel et al. 2011) and is important for adaptation to spring heat 
and drought in Mediterranean A. thaliana (Wolfe and Tonsor 2014). Despite this evidence 
that earlier flowering may provide an effective mechanism to avoid the risk of desiccation, 
we are not aware of any report of earlier flowering as within-generation plasticity to 
drought conditions. One possible explanation is a physiological trade-off between drought 
tolerance and enhanced phenology (McKay et al. 2003, Franks 2011). However, in the case 
of winter annual plants the dry summer is preceded by a rise in ambient temperatures, 
which can provide an environmental cue, to induce flowering before conditions become too 
dry (Balasubramanian et al. 2006). Similarly, temperatures during seed development can 
provide a cue to correct the match between maternal phenology and maternal environment 
in offspring, given that maternal and offspring environments are sufficiently similar (Burgess 
and Marshall 2014).
Conceptual model
Conceptual modeling of the observed parental effect of mild heat on flowering time 
revealed that the effect is indeed expected to be advantageous given that parent and 
offspring environments are correlated. This corresponds to earlier theoretical findings for 
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adaptive transgenerational plasticity (Burgess and Marshall 2011, Leimar and McNamara 
2015). However, a parental effect was disadvantageous when parent and offspring 
environment were not correlated. Although we do not know the source of environmental 
autocorrelations, these results clearly suggest that the parental effect should be under 
negative selection if the parental environment would not partly predict the offspring 
environment and therefore are unlikely to have emerged purely due to genetic drift. An 
explanation could be that environmental correlations across generations emerge from seed 
dispersal in heterogeneous environments based on spatial autocorrelations (Galloway 2005). 
However, answering this question would require detailed long-term demographic studies 
including monitoring of micro-environmental heterogeneity. An alternative explanation is 
that genetic correlations exist with hitherto unknown traits under positive selection, which 
constrain the evolution of this transgenerational plasticity (Van Kleunen and Fischer 2005). 
We therefore can not ultimately answer the question whether the observed parental effects 
of mild heat on offspring phenology evolved as an adaptation to local environments.
Conclusion
Under the assumption of correlated environments across generations the observed 
parental effect of mild heat on flowering time was found to be increasingly advantageous 
with shorter growing season. This supports our earlier observation that earlier flowering 
was induced in genotypes from sites with hot and dry summers, while genotypes from 
temperate climates did not respond. Moreover, it suggests that if the trend in climate change 
with increasing summer temperatures and decreasing summer precipitation over the last 
50 years (Toreti et al. 2009) proceeds as predicted for the Mediterranean (Solomon et al. 
2007), the parental effects on flowering time in principle can contribute to buffering of this 
environmental change. Indeed, pronounced changes in plant phenology, including earlier 
flowering of winter annual plants, have been observed for the Iberian Peninsula (Peñuelas 
et al. 2002). It is not unlikely that also parental effects, such as those observed in our study, 
contributed to this trend. Moreover, in the course of climate change extreme weather events 
are increasing in frequency and length (Hansen et al. 2012) causing a change in climate 
stochasticity from white (i.e. random) noise to red (i.e. autocorrelated) noise (Mustin et 
al. 2013), which means that also the assumption of a correlation between parental and 
offspring environment would match this scenario. Therefore, the observed parental effect 
bears the potential to contribute to rapid phenotypic adaptation to keep pace with climate 
change, which may be followed by slower genetic assimilation (Lande 2015). Care must 
be taken when generalizing from these results since they suffer, as all controlled garden 
experiments, from artificial environmental conditions. They indicate that parental effects 
may be relevant for predicting climate change responses and survival probabilities for local 
plant populations. Furthermore, our results demonstrate that valid information for a better 
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understanding of the role of transgenerational plasticity in plant evolution can be gained 
from experiments that exploit G×E interactions.
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APPENDIX 1
     
Supplementary methods
Population structure
PCoA
Phenotypic differentiation may arise from local adaptation or be a secondary consequence 
of random factors like genetic drift, which affected populations differently after their split. 
To assess the relative contribution of genetic differentiation among genotypes and average 
climatic differences among the sites we derived 297526 SNPs from published sequence 
data (1001 genomes (Cao et al. 2011): Kly-1/5, Angit, Mammo-2, Slavi-1, Lecho-1, Borsk-2; 
RegMap (Horton et al. 2012): Col-0, Fei-0, Sorbo, Ws-0, Petergof, Lp2-2, Uod-1, Ull2-3). The 
function dist.dna from the R package “ape” was used to calculate a distance matrix based on 
the “F84” model of Felsenstein & Churchill (1996). The variance in the distance matrix was in 
a next step decomposed in a principal coordinate analysis (PCoA). A biplot with the first two 
principal coordinates suggested a good accordance of genetic with geographic distances 
(Fig. S2); with the PC1 being strongly correlated with longitude (r= -0.81, t=4.7, df=12, 
p<0.001) and PC2 being strongly correlated with latitude (r=0.78, t=4.1, df=11, p=0.0017) 
if Col-0 (North America) is excluded from the data. Col-0 was however, clearly separated by 
the PC2 (Fig. S2).
Neighbor-joining tree
The relatedness of our 14 genotypes was further explored with a Neighbor-joining tree 
based on the same distance matrix (F84, Fig. S3). Most of the nodes had bootstrap values 
of 100%. The nodes for UOD1 and Ull2-3 had values of 96 and 98%. Only the nodes of 
WS-0 and Col-0 had a much lower support of 66%. The tree shows, an even distribution of 
our genotypes with long terminal branches corresponding to a high differentiation among 
individual genotypes. This pattern is interrupted in two sub-clusters. First, the genotypes 
Mammo-2 and Angit form a subcluster, which is not surprising as they are both from 
southern Italy. Second, the genotypes Sorbo, Kly-1/5 and Borsk-2 form a cluster. This cluster 
did not emerge from geographic proximity (see Fig. 1a), instead this cluster reflects the well 
documented reduced diversity in central Asian Arabidopsis thaliana (Cao et al, 2011).
Effect of population structure on fit of climate variables
A linear model with the best linear unbiased estimates (BLUEs) for the parental effect on 
flowering and the first and second axis of the PCoA (Fig. S2) and BIO9 (mean temperature 
in the driest quarter) or BIO18 (precipitation in the warmest quarter) as independent 
predictors suggested that BIO9 explained significant variation beyond the two dimensional 
population structure and BIO18 was still marginally significant after correction for PC1 and 
PC2 (Table S1). 
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Table S2. Pearson correlations among effect sizes of ancestral heat treatments. Significant terms are 
in bold font.
Grandparental heat
×
Parental heat
Grandparental heat
×
Two Generations heat
Parental heat
×
Two generations heat
r p r p r p
Rosette diameter day 20 0.034 0.91 0.43 0.13 0.53 0.049
Flowering time 0.36 0.21 0.35 0.21 0.62 0.016
Seed size -0.33 0.26 0.06 0.85 0.59 0.025
Total seed weight 0.67 0.009 0.63 0.015 0.66 0.011
Table S3. Results of the linear mixed-effects model for seed size and seed weight, grown under 21°C 
offspring treatment separated per genotype. Shown are the effect sizes and the bold p-values indicate 
if the effect size is significantly different from the ancestral control treatment. Red values indicate a 
significant positive effect (increase in seed weight and seed size), blue values a significant negative 
effect (decrease in seed weight and seed size). 
21°C offspring treatment 30°C offspring treatment
Trait Accession Effect size p-value Effect size p-value
Seed size 
(pixel)
Angit 8.11 0.318 -3.51 0.685
Borsk-2 1.53 0.811 33.00 0.002
Col-0 17.00 0.054 24.30 0.121
Fei-0 3.51 0.680 17.30 0.039
Kly-1/5 57.00 <0.001 39.50 0.009
Lecho-1 73.70 <0.001 62.90 <0.001
Lp2-2 5.69 0.560 17.00 0.133
Mammo-2 76.60 <0.001 34.80 0.019
Petergof 1.40 0.895 -3.79 0.710
Slavi-1 -4.66 0.713 -27.10 0.078
Sorbo -21.10 0.271 10.60 0.554
Ull2-3 17.60 0.411 54.80 0.008
UOD-1 -13.00 0.067 -23.50 0.003
Ws-0 2.90 0.695 -5.66 0.591
Total seed weight 
(mg)
Angit -0.04 0.159 -0.01 0.560
Borsk-2 0.08 <0.001 0.03 0.005
Col-0 -0.06 <0.001 -0.04 <0.001
Fei-0 0.02 0.158 0.00 0.657
Kly-1/5 0.03 0.014 0.04 <0.001
Lecho-1 0.00 0.923 -0.03 0.014
Lp2-2 0.12 <0.001 0.04 <0.001
Mammo-2 0.11 <0.001 0.04 0.001
Petergof -0.11 <0.001 -0.04 0.001
Slavi-1 0.03 0.120 0.01 0.349
Sorbo 0.00 0.749 0.01 0.179
Ull2-3 -0.02 0.264 0.01 0.528
UOD-1 -0.08 <0.001 -0.06 <0.001
Ws-0 0.00 0.916 0.01 0.286
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Table S4. Loadings of the first two axes of the PCA based on geographical and climatic factors from the 
location of origin (see Supporting information Fig. S1).
Climate variable PC1 PC2
Altitude 0.22 0.67
BIO8 -0.39 -0.51
BIO9 0.50 -0.08
BIO10 0.32 -0.48
BIO17 -0.44 0.23
BIO18 -0.51 0.10
Table S5. Type 1 F-test of a linear model estimating the effect of the climate variables (cPC1) on 
the BLUEs for the parental effect on flowering time after correction for population structure (gPC1, 
gPC2). The type 1 sums of squares estimate the sequential effect of the factors in the model. Here the 
sequence was: gPC1, gPC2, cPC1. The numerator and denominator degrees of freedom are denoted 
as ndf and ddf respectively. 
Covariate nDF/dDF F p
gPC1 1/10 0.70 0.383
gPC2 1/10 7.02 0.024
cPC1 1/10 5.82 0.037
Table S6. Correlations (r) between environmental variables (e.g. geographical and bioclimatic data) 
and the parental model coefficient for flowering time (model 1). Shown are p-values and FDR adjusted 
p-values.
Variable r p-value FDR adjusted p-value
BIO18 0.73 0.003 0.04
BIO14 0.59 0.026 0.16
BIO17 0.58 0.029 0.16
BIO8 0.49 0.078 0.26
latitude 0.48 0.084 0.26
BIO12 0.23 0.425 0.65
BIO4 0.13 0.65 0.79
BIO7 0.10 0.73 0.82
BIO16 0.10 0.745 0.82
BIO13 0.07 0.812 0.85
BIO2 0.00 0.989 0.99
BIO3 -0.16 0.596 0.77
longitude -0.18 0.538 0.74
altitude -0.22 0.444 0.65
BIO19 -0.26 0.364 0.62
BIO15 -0.29 0.314 0.58
BIO6 -0.34 0.239 0.48
BIO11 -0.35 0.217 0.48
BIO5 -0.43 0.124 0.30
BIO1 -0.45 0.109 0.30
BIO10 -0.49 0.076 0.26
BIO9 -0.72 0.004 0.04
R1
R2
R3
R4
R5
R6
R7
R8
R9
R10
R11
R12
R13
R14
R15
R16
R17
R18
R19
R20
R21
R22
R23
R24
R25
R26
R27
R28
R29
R30
R31
R32
R33
R34
R35
R36
R37
R38
R39
Transgenerational effects linked to climate of origin
123
5
Supplementary figures
−0.6 −0.4 −0.2 0.0 0.2 0.4
−0.8
−0.6
−0.4
−0.2
0.0
0.2
0.4
PC1 (57.0%)
P
C
2
 (
2
4
.3
%
)
Angit
Borsk−2
col−0
Fei−0
Kly−1/5Lecho−1
Lp2−2
Mammo−2
Petergof
Slavi−1
Sorbo
Ull2−3
Uod−1
Ws−0
−6 −4 −2 0 2 4
−8
−6
−4
−2
0
2
4
BIO8
BIO9
BIO10
BIO17
BIO18
Altitude
V
a
ri
a
n
c
e
s
0.0
0.5
1.0
1.5
2.0
2.5
3.0
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APPENDIX 2
     
Fitness consequences of transgenerational plasticity in flowering schedules
Here we present a conceptual model to investigate fitness consequences of transgenerational 
plasticity in the flowering time of an annual plant under different scenarios of environmental 
variation within and between seasons. In particular, we wanted to study how potential 
advantages in plant fitness depend on the severity of heat stress that reduces the length of 
the flowering season. To this end we formulate a model that combines
 I. fitness consequences of an individual’s phenotypic flowering date
 II. determination of phenotypic flowering date in consideration of potential 
transgenerational effects
 III. scenarios of environmental variation within and between seasons and enables the 
evaluation of optimal plant strategies under these scenarios.
Determination of relative plant fitness
The date of flowering onset affects the seed production and thereby determines an 
important plant fitness component. We conceptually express the relation between flowering 
data z,i and relative fitness as a trade- off of two processes. First, there is a fitness cost (Ci) of 
flowering too early in the season calculated as
 ,
where sC determines how strongly the relative fitness decreases with earlier flowering dates 
and dC denotes the date [DoY] for which Ci is 0.5.
Second, there is also a cost (Hi) of flowering too late in the season that results from heat 
or drought stress from increasing temperatures and is similarly calculated as
,
where sH determines how strongly the relative fitness decreases with later flowering dates 
and dH denotes the date [DoY] for which Hi is 0.5.
Based on these two cost functions, for any individual i with flowering date z,i the relative 
fitness is then calculated as ωi = (1 − Ci)(1 − Hi).
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Determination of phenotypes
An individual’s phenotypically expressed data of flowering onset is determined by a 
combination of its genetically encoded flowering date, transgenerational effects and 
additional phenotypic plasticity. For the effect of transgenerational plasticity, we assume 
that a mother can potentially transfer information about experienced maleficial conditions 
to its daughter, which then can use this information to adjust its own flowering time. A simple 
model of transgenerational plasticity reduces the genetically encoded mean flowering date 
by a linear function of the heat stress experienced by the mother (Hm) so that phenotypically 
expressed flowering date z,i is calculated for each individual i as
                                         zi = αi − γi Hmi + εi (eq. X.1)
                                        εi ~ Gauss(0, σz²),
where αi and γi are traits that determine the genetically encoded mean flowering date and 
the strength of transgenerational plasticity, respectively. The normal error ε represents 
phenotypic plasticity in response to, for example, environmental heterogeneity prior to 
flowering. The parameter σ
z
² determines the magnitude of this variability.
Environmental variation
For studying the role of transgenerational plasticity under different patterns of environmental 
variation within and between seasons we focus on the effect of heat stress at the end of the 
flowering season and thus simulate inter-annual variation in dH. To simulate autocorrelated 
time series of annual deviations in dH (Fig. X.1) we use a first-order auto-regressive process:
                                    dH(t) = μdH + ΔdH(t)
                                            ΔdH(t) = ϕΔdH(t − 1) + εdH(t)  (eq. X.2)
                                                 εdH(t) ~ Gauss(0, υ²)
Here, μdH denotes the long-term mean of dH, ϕ determines the strength of the auto-
regression and υ² is the variance of the Gaussian white noise term εdH(t). In order to specify 
the variance of dH independent of ϕ we calculate the white noise variance as υ² = σ²dH (1 – 
ϕ²) for any given σ²dH =Var(dH) and ϕ.
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Figure X.1. Exemplary time-series of inter-annual variation in the timing of heat stress dH for different 
degrees of temporal autocorrelation ϕ (other parameters are μdH = 70 and σ²dH = 100 for both 
examples).
Simulation of mean fitness values
We aim at evaluating the mean relative fitness ω that results for a certain trait combination 
(α, γ) in a certain environment. To this end we simulate a fixed population of 1000 individuals 
over a period of 1000 years (i.e. generations). In each annual time step t the following 
procedures are iterated
 I. The flowering date zi is calculated for each individual i according to eq. X.1.
 II. The actual timing of heat stress dH(t) is determined from eq. X.2.
 III.  zi is used to calculate Ci, Hi and resulting relative fitness ωi for each individual i.
 IV. Offspring is simulated by resampling 1000 mother individuals, with replacement, 
from the present generation weighted by their relative fitness. For each new 
offspring individual i the heat stress experienced by its mother j is stored as Hmi = Hj.
The simulation is initialized with Hmi = 0 for all individuals i. The first 500 time steps are 
considered as spin-off period and ωi is averaged over all individuals during the following 
500 time steps to calculate the mean fitness ω for a given combination of traits and 
environmental parameters (Fig 5c, d).
Evaluation of optimal strategies
We determined optimal trait combinations (α, γ) for environments that differ in the average 
length of the flowering season, as expressed by the timing of heat stress (dH), and the 
degree of temporal autocorrelation (ϕ) in the variation of season length. Specifically we 
varied μdH from 60 to 100 and ϕ from 0 to 0.95 (Fig. X.2a,b). For each combination of these 
environmental parameters we used numerical optimization (Nelder-Mead algorithm as 
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implemented in R package optim) to find the trait combination (α, γ) that maximises the 
mean fitness ω.
We further quantified the fitness benefit that results from transgenerational plasticity for 
each scenario. Therefor we determined also the optimal trait value for α under the constraint 
that γ = 0 (i.e. no transgenerational effects) and evaluated the respective maximized mean 
fitness ω. The difference between overall optimal fitness and optimal fitness without 
transgenerational plasticity quantifies the potential benefit from this strategy under the 
given environmental scenario.
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 214 
Figure X.2 Fitness-optimizing trait combinations of genetically encoded mean flowering date α (a) and 215 
strength of transgenerational effect γ (b) in scenarios with different combinations of mean (µdH) and 216 
temporal autocorrelation (ϕ) of the timing of heat stress.  217 
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Figure X.2 Fitness-optimizing trait combinations of genetically encoded mean flowering date α (a) and 
strength of tran generatio al effect γ ( ) in scenarios with different combin tions of mean (μdH) and 
temporal autocorrelation (ϕ) of the timing of heat stress. 
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Plants have mechanisms for adaptation to environmental changes, such as genetic variation 
controlled by natural selection and phenotypic plasticity (Sultan 2000, Merilä and Crnokrak 
2001, Pigliucci 2005, Visser 2008). While the current environment can influence plant 
phenotype through phenotypic plasticity, environments experienced by the plant’s direct 
ancestors can do this as well. There are examples where these environmentally induced 
parental and transgenerational effects (e.g. grandparental effects) can be considered adaptive 
(Agrawal et al. 1999, Galloway 2005). Recently there has been an increasing interest in 
adaptive transgenerational effects and the possibility that these are epigenetically mediated. 
Epigenetic mechanisms could be an important component of phenotypic variation and they 
may mediate transgenerational effects, and are thus a likely mechanism that can extend the 
scope of phenotypic plasticity across generation boundaries (Bossdorf et al. 2008). There 
are several examples where epigenetic variation was influenced by environmental changes 
and subsequently stably inherited across generations (Boyko et al. 2010a, Verhoeven et 
al. 2010). In this thesis I explored in Scabiosa columbaria the environmentally induced 
part of epigenetic variation, how much epigenetic variation remained in the absence 
of environmental variation, and how epigenetic variation contributes to population 
differentiation. Next, I studied in two different plant species (the perennial S. columbaria and 
the annual Arabidopsis thaliana) how common transgenerational effects are and explored 
the different factors that might influence their expression.
To study the epigenetic variation and differentiation between natural S. columbaria 
populations I used MS-AFLP to screen DNA methylation variation in natural field grown 
individuals from 10 populations and in their offspring in a common garden environment 
(Chapter 2). Both in the field and in the common garden the populations showed epigenetic 
population differentiation, although this differentiation was stronger in the field than 
in the common garden. This indicates that while a considerable part of the epigenetic 
differentiation was induced by the different field environments, a part of the epigenetic 
variation was heritable. This heritable component can consist of variation in methylation that 
is not sensitive to environments and possibly genetically based, or environmentally induced 
variation that is heritable, or heritable random variation, and is possibly a combination of all 
three. In addition the epigenetic variation in the field was significantly correlated to genetic 
variation but this correlation was not present between genetic variation and the epigenetic 
variation observed in the common garden. A possible explanation for these correlations could 
be that different field environments induce population specific epigenetic patterns, and that 
the correlation between genetic and epigenetic variation in the field is mainly based on the 
environment-induced component of epigenetic variation. Finally, plant phenotype in both 
the field- and common garden-environments did not correlate with epigenetic variation, but 
did correlate with genetic variation. 
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Then I evaluated the different contributions of the maternal and paternal plants to 
parental environmental effects, also in S. columbaria (Chapter 3). Offspring from parents 
treated with simulated herbivory showed an increase in biomass when the maternal plant 
was treated and when both parents were treated. Also treatment of both parents with 
simulated herbivory reduced growth and survival of a generalist herbivore, thus showing a 
parentally induced increased defence against herbivores. The results suggest that although 
environmental induced parental effects are mostly maternally induced, both maternal and 
paternal plants contribute to offspring phenotype in an additive and possibly adaptive 
matter. 
In the following chapter the context dependency of transgenerational effects was 
evaluated. I used offspring from A. thaliana plants that were exposed to salt stress or a 
control treatment for three generations in a full factorial experimental set up and grew the 
fourth generation in three different environments (Chapter 4). I could therefore not only 
test the effect of the number of ancestral generations exposed to either an environmental 
treatment or a control treatment but also test the influence of offspring environment on 
the expression of parental and transgenerational effects. Exposure to salt treatment had 
persistent consequences for offspring phenotypes, not only when parental plants were 
exposed, but also two or even three generations later. I further showed that multiple-
generation exposure had a different impact on offspring traits than single generation 
exposure. For all three offspring environments parental and transgenerational effects were 
found, but were expressed differently between environments. 
Another important factor in the expression of parental and transgenerational effects 
is genotype. After parental heat exposure, earlier flowering times in A. thaliana were 
observed in genotypes from environments with hot and dry summers (e.g. Mediterranean 
climate) and not in genotypes from temperate regions (Chapter 5). All traits showed strong 
genotype x ancestral treatment interactions, including parental, grandparental and two 
consecutive generations of exposure. A conceptual model showed that parental effects are 
favored by environmental correlations among generations. The combination of these results 
suggest that the response of flowering time to parental heat in genotypes from hot and dry 
summers may contribute to adaptation to the predicted increase in summer temperature 
and decrease in summer precipitation for these regions. 
Epigenetic variation
In previous studies, when epigenetic variation was measured in the field, populations that 
showed significant epigenetic differentiation often experienced contrasting environments 
or were studied along environmental gradients (Lira-Medeiros et al. 2010, Wu et al. 2013, 
Rico et al. 2014, Schulz et al. 2014, Foust et al. 2016). In these studies it was unclear if these 
differences were due to stable, heritable epigenetic variation or by plastic, environmentally 
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6
induced epigenetic variation (Kilvitis et al. 2014, Foust et al. 2015). In contrast when plants 
were grown in non-contrasting or common environments the results were mixed and 
varied between no epigenetic differentiation between populations (Avramidou et al. 2015, 
Nicotra et al. 2015) to differentiation only among geographically large regions (Preite et 
al. 2015) to differentiation between habitats (Richards et al. 2012) or differentiation on 
both population and habitat level (Abratowska et al. 2012). In these studies the epigenetic 
differentiation could not be explained by environmental differences, because all plants 
were grown in similar environments. The epigenetic differentiation that was present in a 
common environment may be explained by heritable epigenetic variation, which can include 
epigenetic variation that is under genetic control, environment-induced epigenetic variation 
that is transgenerationally stable, and transgenerationally stable stochastic epigenetic 
mutations. 
I found that natural populations of S. columbaria were significantly epigenetically 
differentiated between populations and countries, in both field and common garden 
grown plants (Chapter 2). Thus even in de absence of environmental variation, epigenetic 
differences between populations persisted. These results suggest that epigenetic variation 
contributes to population differentiation, and may even contribute to phenotypic variation in 
common garden that was previously attributed to genetic variation. In addition correlations 
between epigenetic variation (in both the field and the common garden environment) and 
genetic variation showed that part of the epigenetic variation can operate independent from 
genetic variation. Just like genetic variation, epigenetic variation may likely be subjected to 
population processes (i.e. random processes like drift and the likelihood of individuals to 
propagate with each other). 
Adaptive parental and transgenerational effects are context dependent
With the discovery that epigenetic mechanisms could potentially mediate parental and 
transgenerational effects there has been a renewed interest in the ecological and evolutionary 
potential of these effects, especially in the light of climate change (Bossdorf et al. 2008, Visser 
2008). An increasing number of studies showed that both parental and multi-generational 
persistence of environment-induced effects can have adaptive benefits for several biotic and 
abiotic stresses (e.g. Agrawal et al. 1999, Whittle et al. 2009, Boyko et al. 2010a, Luna et al. 
2012, Rasmann et al. 2012, Slaughter et al. 2012, Suter and Widmer 2013a, b). However, 
despite this increased attention adaptive parental and transgenerational effects are still 
controversial and poorly understood, because they are not always consistently observed 
and some effects have failed experimental reproducibility (Pecinka et al. 2009, Sultan et al. 
2009, Verhoeven and van Gurp 2012, Suter and Widmer 2013b, Uller et al. 2013).
The maternal plant likely contributes more to parental effects than the paternal plant 
does, because approximately two thirds of the genetic material and all the cytoplasmic DNA 
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in the endosperm are of maternal origin (Galloway 2001). Therefore it is often assumed that 
maternal environmental effects are stronger than paternal environmental effects, which are 
only prezygotic (Galloway 2005, Hereford and Moriuchi 2005, Bischoff and Müller-Schärer 
2010). It is also often assumed that the environment of the mother plant has more predictive 
value for the offspring than the paternal offspring, which due to pollen dispersal is often 
further away, and due to environmental heterogeneity likely to be more different (Galloway 
2005). However, despite the possibility that pollen can disperse further than seeds it is not 
unlikely, for instance due to the behaviour of pollinators, that the father is in close proximity 
to the mother plant (Barrett and Harder 1996, Barrett 1998, Fisogni et al. 2011). While 
the results for S. columbaria suggest that the maternal plant indeed contributed more to 
parental effects than the paternal plant, when both parents were exposed to simulated 
herbivory the parental effect was amplified (Chapter 3). This suggests an additive effect if 
the maternal and paternal environments were similar (in this case simulated herbivory). The 
parental effects of simulated herbivory appear to induce increased resistance to herbivores 
in offspring, in the form of lower caterpillar growth and survival. Thus indicating an adaptive 
parental effect. 
In addition to environmentally induced parental effects, several studies found 
also evidence for multi-generational persistence of environment-induced effects, i.e. 
transgenerational effects (Case et al. 1996, Whittle et al. 2009, Boyko et al. 2010b, Remy 
2010, Hafer et al. 2011, Herman et al. 2012, Luna et al. 2012, Suter and Widmer 2013a, b, 
Dias and Ressler 2014). However, because the expression of these transgenerational effects 
is sensitive to several factors, such as timing, duration and severity of the environmental 
factor and the phenotypic responses vary between genotypes and traits, it remains difficult 
to assess how frequent or important these effects are and what their evolutionary potential 
is (Pecinka and Scheid 2012, Grossniklaus et al. 2013, Herman et al. 2014, Leimar and 
McNamara 2015). While grandparental effects can have adaptive effects on the phenotype 
of their offspring, their evolutionary advantage is more difficult to determine. The predictive 
value of environmental information decreases if more distant generations experienced this 
environment and therefore grandparental effects are less likely to contribute to adaptive 
variation than parental effects (Herman et al. 2014). 
For A. thaliana I found that the phenotypic expression of transgenerational effects 
depended on the environment of the offspring and on the number of ancestral generations 
that were stress-exposed (Chapter 4). Although transgenerational effects were weaker and 
less commonly observed than parental effects, offspring was affected by grandparental or 
even great-grandparental environments in nearly all traits and environments. These result 
that parental effects were typically stronger than transgenerational effects is in accordance 
with the theory that environment-induced grandparental (and great-grandparental) effects 
have less predictive power than parental effects. Moreover, the number of ancestors 
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that were exposed to the environment played an important role in the expression of the 
offspring, in a way that may suggest acclimation across several generations. 
When I evaluated the effects of ancestral heat stress on 14 diverse A. thaliana genotypes 
the results indicated that transgenerational effects are common in A. thaliana (Chapter 
5). In all traits a strong genotype × ancestral treatment (parental, grandparental or two 
consecutive generations of mild heat stress) interaction was observed, indicating genotypic 
variation in the expression of parental and/or transgenerational environmental effects. 
Grandparental effects were frequently observed in all genotypes and all measured traits, 
which suggests that they are a common phenomenon. 
The significant effects of parental environment for a certain genotype on a certain 
offspring trait did not predict if that genotype also showed grandparental or two-generation 
effects. While the absence of grandparental effects and presence of parental or two-
generation effects is easy to explain (e.g. the grandparental environment does not influence 
offspring or only two consecutive generations of exposure lead to offspring effects), to explain 
the presence of grandparental effects in absence of parental or two-generation effects is 
more difficult. In order to determine the cause of the presence of grandparental effects in 
the absence of parental effects it is necessary to uncover the underlying mechanisms and 
explore if these differ between genotype and trait.
Interestingly, earlier flowering times were observed after parental heat exposure in 
genotypes from environments with hot and dry summers (e.g. Mediterranean climate) 
while genotypes from temperate regions showed no such responses. A conceptual model 
showed that such a parental effect is favoured by temporal autocorrelation and short 
growing seasons, which reflect a high selection pressure. When there is no environmental 
correlation between generations these parental effects are disadvantageous. 
Conclusions 
In the first part of this thesis I assessed epigenetic population differentiation both in the 
field and in offspring from field plants grown in a common garden. Evaluating the epigenetic 
variation in these two environments led to several conclusions, most importantly on the 
relationship between genetic and epigenetic variation. While different environments 
induced a considerable part of the epigenetic variation, populations were still epigenetically 
differentiated when they were grown in the common garden. This indicates that part of the 
epigenetic variation was heritable. In this study I was unable to demonstrate that epigenetic 
variation can influence trait variation, making it difficult to give a functional explanation of 
epigenetic variation. However, when all the results of this study are taken together they 
suggest that epigenetic variation may influence population differentiation and are a likely 
mechanism to facilitate parental effects. 
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In the second part of this thesis I assessed the heritability of environmental induced 
effects, by studying the expression of parental and transgenerational effects. I showed 
that transgenerational plasticity consists of more than parental effects; also grandparental 
(sometimes even great-grandparental) effects are common and can have significant effects 
on offspring traits. Both parental and transgenerational effects can increase offspring 
fitness, and can thus be considered adaptive. And the natural variation in the expression of 
transgenerational effects suggests that these responses are under the influence of natural 
selection. 
Parental and transgenerational effects are sometimes dismissed because, unlike genetic 
variation, they are not inherited for many generations. However, the results from this thesis 
suggest that parental and transgenerational effects can influence population dynamics and 
have the potential to contribute to rapid phenotypic adaptation to changing environments. 
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Of het nu komt door veranderende seizoenen, veranderingen op kleine schaal (zoals een 
verhoogde beschikbaarheid van nutriënten omdat er toevallig een koe langskwam) of 
veranderingen op grote schaal (zoals klimaatverandering), de leefwereld van een plant 
verandert continu. Om hun overlevingskansen en fitness zo hoog mogelijk te houden 
tijdens deze constante veranderingen, moeten planten zich aanpassen of acclimatiseren. 
Dit kunnen ze doen door het aanpassen van hun morfologie, fysiologie en fenologie. Voor 
deze aanpassingen zijn er verschillende evolutionaire mechanismen, zoals op genetische 
verschillen gebaseerde adaptatie dankzij natuurlijke selectie, of door omgeving-geïnduceerde 
fenotypische plasticiteit. Dit is kort gezegd de invloed van huidige omgeving waarin een plant 
groeit die invloed heeft op het fenotype van deze plant. Maar niet enkel de huidige omgeving 
beïnvloedt het fenotype, ook de milieus waarin de directe voorouders in groeiden kunnen het 
fenotype van een plant beïnvloeden. Deze door de omgeving geïnduceerde oudereffecten 
zijn alomtegenwoordig de natuur en zijn goed gedocumenteerd bij zowel planten als 
dieren. Een groeiend aantal studies toont aan dat deze door de omgeving geïnduceerde 
effecten meerdere generaties kunnen aanhouden, m.a.w. transgenerationele effecten. De 
expressie van deze effecten is afhankelijk van veel factoren, zowel bij de voorouders als bij 
de nakomelingen. Een mogelijk mechanisme van door de omgeving geïnduceerde ouderlijke 
effecten en transgenerationele effecten zijn epigenetische processen, die onafhankelijk of 
zelfs in de afwezigheid van DNA-variatie kunnen opereren. 
Epigenetische variatie kan invloed hebben op het fenotype en kan direct worden 
beïnvloed door het milieu. Een gedeelte van deze variatie wordt doorgegeven aan de volgende 
generatie. Er is echter weinig bewijs dat epigenetische variatie ook (deels) verantwoordelijk 
is voor de fenotypische variatie in een natuurlijke omgeving. Het combineren van 
epigenetische veldscreenings met screenings in een gemeenschappelijk milieu is waardevol. 
Zo verkrijgen we meer inzicht in epigenetische differentiatie en in het relatieve belang van 
epigenetische variatie bij het verklaren van de variatie in eigenschappen (Hoofdstuk 2). Ik 
heb de epigenetische diversiteit, structuur en differentiatie onderzocht van 10 verschillende 
Scabiosa columbaria populaties, in planten die groeiden in de natuurlijke veldomgeving 
en hun nakomelingen die waren opgekweekt in een gemeenschappelijk milieu (de tuin). 
De genetische diversiteit, structuur en differentiatie was verkend in planten opgekweekt 
in de tuin. Deze genetische en epigenetische variatie werd vervolgens gecorreleerd met 
de variatie in fenotypische eigenschappen, gemeten in planten in zowel het veld als in de 
tuin. In zowel het veld alsmede in de tuin was er fenotypische variatie op populatie niveau. 
In de tuin was dit verschil wel minder uitgesproken. Vervolgens heb ik de fenotypische 
variatie op populatieniveau gecorreleerd met de epigenetische variatie op populatieniveau 
in het veld en in de tuin. In de tuin heb ik ook de fenotypische en epigenetische variatie 
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op individueel plantniveau gecorreleerd. Er waren geen correlaties tussen fenotype en 
epigenetische variatie, niet in het veld noch in de tuin. De genetische variatie correleerde 
wel met verschillende fenotypische eigenschappen. 
Een groot gedeelte van de genetische en epigenetische variatie was binnen populaties, 
maar ook tussen populaties. Voor de epigenetische variatie was dit het geval in planten uit 
het veld en planten uit de tuin. Het vergelijken van de epigenetische variatie tussen planten 
uit het veld en planten uit de tuin liet zien dat een aanzienlijk deel van de epigenetische 
variatie niet erfelijk is en waarschijnlijk geïnduceerd wordt door de omgeving. De erfelijke 
component kan bestaan uit erfelijke epigenetische variatie die ongevoelig is voor de 
omgeving en mogelijk gebaseerd is op genetische variatie, of variatie die geïnduceerd is 
door de omgeving en wel erfelijk is, of een combinatie van beide.
Ik heb ook S. columbaria gebruikt als model om de relatieve bijdrage van de moeder en de 
vaderplant aan oudereffecten te onderzoeken (Hoofdstuk 3). Er wordt vaak vanuit gegaan dat 
voornamelijk het fenotype en de omgeving van de moederplant de oudereffecten bepalen. 
De moederplant bepaalt de samenstelling van het zaad en levert het meeste genetische 
materiaal, terwijl de invloed van de vaderplant alleen prezygotisch is. In recente studies 
wordt echter gesuggereerd dat de vaderplant ook invloed kan hebben op het fenotype 
van de nakomelingen, die mogelijk adaptief kunnen zijn. Evolutionaire en ecologische 
consequenties van vadereffecten worden slecht begrepen en is het nog onduidelijk of 
vadereffecten een adaptieve respons zijn of slechts fysiologische bijverschijnselen. 
S. columbaria is een meerderjarige plant die het liefst niet door zichzelf bevrucht wordt 
maar door een andere plant. Ik heb de ouderplanten blootgesteld aan gesimuleerde 
herbivorie door hen jasmonzuur (JZ) toe te dienen. Vervolgens heb ik kruisingen gemaakt 
tussen planten die behandeld waren met JZ en planten behandeld met een controle (C) 
behandeling, waarbij de planten 4 groepen nakomelingen kregen: beide ouders behandeld 
met JZ, beide ouders behandeld met C, en alleen de vader of alleen de moeder behandeld 
met JZ en de ander met C. Het effect van de JZ-behandeling van de ouderplanten op de 
nakomelingen heb ik getest door rupsenoverleving, -groei en -voorkeur te testen in de 
nakomelingen. Wanneer beide ouders behandeld waren met JZ, lieten de rupsen die 
grootgebracht werden op deze planten een verminderde groei en overleving zien. De 
behandeling van enkel de moederplant met JZ leidde tot een kwantitatief verschil in de 
eigenschappen van de nakomelingen, vergeleken met de planten waarvan beide ouders 
waren behandeld met JZ. De effecten van een moederplant behandeld met JZ leken sterker 
te zijn dan de effecten van een vaderplant behandeld met JZ, maar dit verschil was niet 
significant. Deze resultaten lijken te suggereren dat ondanks dat omgeving-geïnduceerde 
oudereffecten voornamelijk worden geïnduceerd door de moederplant, zowel de moeder- 
als de vaderplant kunnen bijdragen aan het fenotype van de nakomelingen op een additieve 
en mogelijk adaptieve manier. 
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Naast oudereffecten, waaronder alleen de effecten van de ouders op hun directe 
nakomelingen worden gerekend, laat een toenemend aantal studies zien dat omgeving-
geïnduceerde effecten na meer dan een enkele generatie zichtbaar blijven. Hierbij kan de 
omgeving ervaren door de grootouders of zelfs overgrootouders een rol spelen in het fenotype 
van de nakomelingen. Deze multigenerationele omgeving-geïnduceerde effecten (m.a.w. 
transgenerationele effecten) hebben andere evolutionaire implicaties dan oudereffecten en 
er is een groeiende interesse in deze effecten. De expressie van deze transgenerationele 
effecten is echter sterk afhankelijk veel factoren, waaronder de omstandigheden waarin 
de voorouders zijn opgekweekt en het milieu waarin de nakomelingen groeien, en het is 
gebleken dat het lastig is om transgenerationele effecten te reproduceren. Ik heb deze 
contextafhankelijkheid bestudeerd in Arabidopsis thaliana. En heb verschillende factoren 
geëvalueerd die van invloed kunnen zijn op de expressie van transgenerationele effecten: 
omgeving van de nakomelingen (Hoofdstuk 4), een- versus meerdere-generaties blootgesteld 
aan een omgeving (Hoofdstuk 4 en Hoofdstuk 5) en genetische variatie (Hoofdstuk 5). 
Om de eerste twee factoren te onderzoeken heb ik een enkele homozygote A. thaliana 
Col-0 lijn gedurende 3 generaties blootgesteld aan zoutstress. Ik heb de prestaties van de 
nakomelingen geëvalueerd terwijl ze in verschillende omgevingen groeiden: een controle- 
en een zoutomgeving in een klimaatkamer en een natuurlijke veldomgeving. In bijna alle 
eigenschappen en in alle omgevingen vond ik zowel oudereffecten als transgenerationele 
effect, die tot de overgrootouders te herleiden waren. Ik vond ook sterke verschillen ten 
aanzien van het aantal generaties die waren blootgesteld aan zoutstress. Het effect van 
zoutstress gedurende meerdere generaties was over het algemeen minder dan het effect 
van zoutstressblootstelling in enkel de oudergeneratie. 
Bovendien was de expressie van zowel de oudereffecten als de transgenerationele 
effecten sterk afhankelijk van de omgeving waarin de nakomelingen groeiden, 
waarbij tegenovergestelde effecten werden waargenomen in het veld en in de 
klimaatkameromgevingen.
Niet alleen de omgeving van de nakomelingen en de interactie van de milieusignalen 
uit verschillende generaties (b.v. ouders en grootouders) kunnen de expressie van 
transgenerationele effecten beïnvloeden, er is ook variatie tussen populaties of genotypen. 
Om de variatie in transgenerationele effecten tussen genotypen te onderzoeken heb ik 
14 verschillende A. thaliana-genotypen uit een breed geografisch gebied, blootgesteld 
aan milde hittestress (Hoofdstuk 5). Om de interacties tussen genotype en voorouderlijke 
behandeling te onderzoeken werd er onderscheid gemaakt tussen ouders, grootouders en 
zowel ouders als grootouders (twee opeenvolgende) generaties van blootstelling aan milde 
hitte stress. De 14 verschillende genotypen werden niet alleen gebruikt om te testen of 
omgeving-geïnduceerde transgenerationele effecten algemeen voorkomen binnen de soort, 
maar ook om te evalueren of er een correlatie is tussen de respons en de omgevingsvariatie 
van de habitat waar de genotypen oorspronkelijk vandaan komen. 
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Uit de resultaten blijkt dat het oudereffect op het fenotype van de nakomelingen 
sterker beïnvloedde dan grootoudereffecten. Maar ook dat effecten van milde hittestress 
bij grootouders en bij twee opeenvolgende generaties algemeen voorkomen. In alle 
eigenschappen werd tevens een sterke interactie tussen genotype en voorouderlijke 
behandeling geobserveerd. Genotypen afkomstig uit milieus met hete en droge zomers 
(zoals een mediterraan klimaat) vervroegden hun bloeitijd na ouderlijke blootstelling 
aan hittestress in vergelijking met genotypen uit gematigde regio’s. Bovendien toonde 
de meerderheid van de genotypen uit mediterrane klimaten een acclimatisering van 
bloeitijd, die werd versneld na blootstelling van twee opeenvolgende generaties aan 
milde hittestress. Een conceptueel model, alleen voor de ouderlijke effecten, toonde aan 
dat dergelijke oudereffecten worden bevorderd door correlatie van het milieu tussen de 
generaties (temporale autocorrelatie) en korte groeiseizoenen, die een hoge selectiedruk 
weerspiegelen. Bij de afwezigheid van milieucorrelaties tussen de generaties hebben deze 
oudereffecten een nadelig effect. 
De resultaten in dit proefschrift suggereren dat oudereffecten en transgenerationele 
effecten populatie dynamiek kunnen beïnvloeden en dat ze potentieel kunnen bijdragen 
aan een snelle fenotypische adaptatie aan veranderende milieus, eventueel gevolgd door 
tragere genetische assimilatie. 
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S
ENGLISH SUMMARY
Whether due to seasonal changes, small-scale changes like increased nutrient availability 
due to undeliberate placement of animal droppings or large-scale changes like global change 
a plants’ environment is constantly changing. To maximize their fitness and survival plants 
have to adapt or acclimate to these environmental changes by adjusting their morphology, 
physiology and phenology. There are several evolutionary processes, like genetically based 
adaptation shaped by natural selection and environmental induced phenotypic plasticity, for 
adaptation and acclimation. Thus the current environment a plant grows in has significant 
influence on its phenotype. But in addition to the influence of the current environment, the 
environment experienced by its direct ancestors can influence a plants’ phenotype as well. 
These environmentally induced parental effects are ubiquitous in nature and well 
documented in both plants and animals. An increasing number of studies show that 
environmentally induced effects can persist for multiple offspring generations, i.e. 
transgenerational effects, but these effects appear to be very context-dependent. A 
possible mechanism of environmentally induced parental and transgenerational effects 
are epigenetic processes, which can operate independently or even in the absence of DNA 
variation. 
Epigenetic variation can influence phenotype, may be influenced directly by the 
environment and part of this variation can be inherited to the next generation. There is 
however little evidence for the role of epigenetics in explaining the variation of phenotypic 
differences in the field. Field screenings of epigenetic variation combined with common 
garden experiments will add valuable insights about epigenetic differentiation and can help 
to reveal part of the relative importance of epigenetics in explaining trait variation (Chapter 
2). 
For 10 different Scabiosa columbaria populations I explored the epigenetic diversity, 
structure and differentiation in plants grown in their natural field and grown in a common 
garden. And the genetic diversity, structure and differentiation were explored in plants 
from the common garden. Genetic and epigenetic variation was subsequently correlated 
to trait variation that was measured in both field grown and common garden grown plants. 
There was phenotypic population differentiation in both the field and, less pronounced, in 
the common garden. Population-level phenotypic variation was correlated with epigenetic 
variation in both the field and in the common garden, and for the common garden when 
individual plants were compared. However, I found no correlations between traits and 
epigenetic variation, neither in the field nor in the common garden. Genetic variation did 
correlate significantly with several traits. 
Populations showed large within population genetic and epigenetic differentiation. The 
genetic and epigenetic differentiation was significant between populations. The epigenetic 
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differentiation was significant in the field grown plants but also for the common garden 
grown plants. Comparing the epigenetic variation between field and common garden grown 
plants also showed that a considerable part of the epigenetic variation is not heritable and 
presumably environmentally induced. This heritable component can consist of heritable 
epigenetic variation that is not sensitive to environments and possibly genetically based, or 
environmentally induced variation that is heritable, or a combination of both.
I also studied the maternal and paternal contribution to parental effects in S. columbaria 
(Chapter 3). It is often assumed that maternal phenotype and environment are mainly 
responsible for parental effects. The maternal plant determines seed provision and provides 
most of the genetic material and the cytoplasmic DNA in the endosperm, while the paternal 
influence on offspring is only prezygotic. Recent studies suggest that paternal effects can 
also influence offspring phenotype in an adaptive matter. However, the evolutionary and 
ecological consequences of paternal effects are poorly understood it is unclear if they are 
adaptive or merely physiological side effects.
I exposed the outcrossing perennial S. columbaria to simulated herbivory by applying 
jasmonic acid (JA) to seed parents and pollen donors, and made crosses between treated 
plants and plants treated with a mock treatment, in a full factorial design. The effects of JA 
treatment of parental plants on caterpillar survival and feeding preference in unexposed 
offspring plants were evaluated. The treatment of both mother and father plants with JA led 
to an increase in plant biomass and a reduced growth and survival of a generalist herbivore. 
JA treatment of only mother plants had a quantitatively different effect on offspring traits 
than JA treatment of both parents. Maternal JA treatment effects tended to be stronger 
than paternal JA treatment effects, but this difference was not statistically significant. These 
results suggest that although environmental induced parental effects are mostly maternally 
induced, both maternal and paternal plants are able to contribute to offspring phenotype in 
an additive and possible adaptive matter. 
In addition to parental effects, which are the effects of parents on the phenotype of 
their direct offspring, an increasing number of studies show that environmentally induced 
effects can persist for multiple offspring generations, where the environment experienced 
by grandparents or even earlier generations still affect offspring phenotype. These multi-
generational environment-induced effects (i.e. transgenerational effects) have different 
evolutionary implications than parental effects and there has been a growing interest in 
them. However, the expression of these transgenerational effects proved context-dependent 
and their reproducibility can be low. I studied this context-dependency of transgenerational 
effects in Arabidopsis thaliana. Where I evaluated several factors that can influence the 
expression of transgenerational effects: offspring environment (Chapter 4), single- versus 
multiple-generation exposure ((Chapter 4 and Chapter 5) and genetic variation (Chapter 5). 
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For the first two factors I exposed a single homozygous A. thaliana Col-0 line to salt 
stress for up to three generations and evaluated offspring performance under control and 
salt conditions in a climate chamber and in a natural environment. I found parental as well 
as transgenerational effects in almost all traits and all environments and traced back as far 
as great-grandparental environments. The number of exposed generations exerted strong 
effects; multiple-generation exposure often reduced the expression of the parental effect 
compared to single-generation exposure. Furthermore, the expression of transgenerational 
effects strongly depended on offspring environment, with opposite effects observed in field 
and greenhouse evaluation environments. 
Not only offspring environment and the interaction of environmental cues from different 
generations (e.g. parental, grandparental) can influence the expression of transgenerational 
effects, there is also variation among populations or genotypes. To evaluate the variation 
between genotypes I exposed a set of 14 A. thaliana genotypes from a wide geographical 
range to mild heat stress (Chapter 5). To explore the interactions between genotype and 
ancestral treatment I differentiated between parental, grandparental and both parental and 
grandparental (two consecutive) generations of stress exposure. The 14 genotypes were not 
only used to test whether environmentally induced transgenerational effects are a general 
pattern within a species, but also to evaluate correlation with environmental variation from 
their habitat of origin. 
The results showed that parental effects contribute more strongly to the offspring 
phenotype than grandparental effects, but that grandparental and two consecutive 
generation effects of mild heat stress are common. And in all traits a strong interaction 
between genotype and ancestral treatment was observed. Most intriguingly, earlier flowering 
times after parental heat exposure were observed rather in genotypes from environments 
with hot and dry summers (e.g. Mediterranean climate) than in genotypes from temperate 
regions. In addition, the majority of genotypes from Mediterranean climates showed 
acclimation of flowering time, which was accelerated after two-generations-exposure 
to mild heat. A conceptual model (for parental effects only) showed that such a parental 
effect is favored by temporal autocorrelation and short growing seasons, which reflect a 
high selection pressure. It is disadvantageous in the absence of environmental correlations 
among generations. 
The results from this thesis suggest that parental and transgenerational effects can 
influence population dynamics and have the potential to contribute to rapid phenotypic 
adaptation to keep pace with changing environments, which may be followed by slower 
genetic assimilation.  
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DANKWOORD (ACKNOWLEDGEMENTS)
Ik had niet gedacht dat het dankwoord schrijven het lastigste gedeelte zou worden van mijn 
proefschrift! In gedachten heb ik het al 1000 keer geschreven.
Ten eerste wil ik graag mijn promotor en copromotoren bedankten. Hans, bedankt voor 
onze gesprekken, ook als ik voor mijn gevoel niets te vertellen had kwam ik er toch vaak 
vandaan met het gevoel dat ik goed bezig was. Vooral je steun en snelle responsen aan het 
einde hebben me erg geholpen.
Joop, toen ik na het sollicitatie gesprek een telefoontje van jou kreeg (terwijl ik net uit de 
trein op Amsterdam Zuid was gestapt) dacht ik “oh dan hebben ze vast iemand anders 
gekozen”. Dit boekje is het bewijs dat dat niet het geval was, en met 2 weken was ik met de 
hele EpiCOl groep in Wenen. Bedankt dat je me constant uitdaagde, en dat je mij altijd de 
regie gaf over mijn promotie.
Philippine, dank je wel voor alles. Ik heb niet alleen veel van statistiek, experimental design 
en het schrijven van een manuscript van jou geleerd maar nog veel meer en ben je erg 
dankbaar voor je betrokkenheid, steun en geduld de afgelopen jaren. 
Koen, Ik ben heel blij dat je op de valreep ook nog officieel mijn copromotor bent geworden. 
Mijn experiment op het NIOO is een van mijn favoriete experimenten (niet alleen vanwege de 
mogelijkheden om te kunnen lunchen op het NIOO) en onze discussies en brainstormsessies 
hebben me geholpen om onze en mijn resultaten in de theorie te plaatsen. 
Niels, je bent dan geen copromotor maar ik kan wel stellen dat je een net zo grote invloed 
heb gehad op dit boekje! Bedankt voor de goede sfeer op het lab en de afdeling en je 
oneindige geduld als ik weer eens vergeten was hoe je molariteit moest uitrekenen (of 
een verdunningsreeks ofzo). Ondanks dat jij en Jan Willem me van alles de schuld in de 
schoenen probeerden te schuiven vond ik het toch niet zo erg dat ik jullie “labjongste” was. 
Fijn dat er toch iemand in Nijmegen de Jeugd begreep en bedankt dat ik mee mocht spelen 
in (en bijdragen aan) je D&D verhaal! Voor alle andere mensen kan ik maar 1 ding zeggen: 
“Sorry voor de ongemak, maar we kunnen toch niet anders dan hard komen”. Oh ja en 
voor je mede organisatie talent voor het meest legendarische lab-uitje ooit (zegt letterlijk 
iedereen). 
Carla, Julie, Thomas & Vero many thanks for being the other ecological epigenetics people 
nearby! I always enjoyed our literature discussions and social get-togethers! Vero, I enjoyed 
our time in London and when I could stay with you in Droevendaal. Your spätzle is the best!
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Also many thanks to the EpiCol group, it always felt nice to be a part of something bigger! 
I enjoyed our visits to Vienna and Bern, and was happy to see everyone in Nijmegen and 
at several conferences I visited. I’m still curious about that paper on our joint experiment 
though!
Christian, I am really happy with our experiment together and for your help with everything! 
I keep my fingers crossed but I’m sure it will get published in a very nice journal!
Zonder de medewerkers van de kassen zou dit boekje er ook heel anders uit hebben gezien! 
Gerard, bedankt voor het altijd meedenken en dat (bijna) geen plan je te gek was. Dankzij jou 
was het mogelijk om 2 klimaatcellen te gebruiken, waarvan 1 op 30 °C, voor een experiment 
wat uiteindelijk wel 5 generaties heeft geduurd! 
Veel dank gaat ook uit naar Dorine, Harry, Walter en Yvette, zonder jullie hadden mijn 
planten het überhaupt allemaal niet overleefd. Bedankt voor alle gezellige koffie/thee en 
lunchpauzes, luisterende oren, lieve en opbeurende woorden en goede gesprekken! 
Annemiek, Hannie en Peter bedankt voor jullie hulp en gezelligheid tijdens het inzetten 
en oogsten. En voor jullie (soms ongevraagde) bemoeienissen met mijn experimenten, ze 
werden er (vaak) alleen maar beter van!
Roy dank je wel voor je interesse en het beschikbaar stellen van je studenten, ze zijn 
onmisbaar geweest voor heel veel praktisch werk! 
Verder nog dank aan Liesbeth voor het inzetten van heel veel AFLP en MS-AFLP platen en 
het draaiende houdende van de Beckman. 
Ook wil ik graag al mijn studenten bedanken voor hun bijdrage aan dit proefschrift, niet 
alleen in de vorm van hard werken maar zeker ook in de vorm van gezelligheid en goede 
gesprekken! Isabella, jij was mijn allereerste student, ik moest alles zelf ook nog een beetje 
uitvinden maar dat is allemaal goed gekomen en ik kijk nu al uit naar jouw boekje! Sil, ik 
vind het heel leuk om te zien dat je net begonnen bent aan je eigen promotie onderzoek! 
Dassen zijn in ieder geval een stuk beter te tellen dan Arabidopsis zaadjes! Nieke, ook 
bedankt voor al je inspringen bij metingen en oogsten bij andere experimenten en voor 
je vermogen om te kunnen kletsen en meten tegelijkertijd. Simone, bedankt voor je hulp 
met de Scabiosa, achteraf waren we wel blij dat we er geen 1000 hadden. Erik, fijn ook 
dat je je roeivrienden op een laagdrempelige manier kennis hebt kunnen laten maken met 
echt ecologisch onderzoek! Planten inzetten en oogsten gaat een stuk sneller als er 3 extra 
handjes zijn! Tot slot wil ik nog Bob en Jasmijn bedanken, mijn twee allerlaatste studenten, 
voor jullie enthousiasme en zelfstandigheid.
Mede-aio’s (ook wel lotgenoten) zijn ook heel belangrijk tijdens zo’n promotie-traject. 
Marjolein, toen ik pas begon aan mijn PhD was jij bezig met je masterstage, fijn dat je me 
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Nijmegen hebt laten zien en dat ik direct werd uitgenodigd om met de studenten mee uit 
eten te gaan! Ik hoop dat we nog veel pizzabakkers-dates zullen hebben. 
Janneke, van overburen in de containers werden we overburen in de cubicles. Toch fijn dat 
er helemaal aan de andere kant van het land nog iets vertrouwd was! Bedankt voor de vele 
goede (en minder hoogstaande) gesprekken zowel over onderzoek en alles wat verder nog 
ter tafel kan komen. 
Marloes, bedankt dat je het aandurfde om onze eerste vierdaagse samen met mij te 
wandelen! Ik vond onze trainingen al superleuk en vind het best knap dat we na 4 dagen 
nog steeds niet uitgepraat waren. Ik vond het altijd extra gezellig als we samen in de kas 
moesten zijn en ben blij dat ik af en toe bij jou kon logeren in het laatste jaar! Over logeren 
gesproken, Laura, bedankt dat jouw deur altijd open stond en staat! Alle dinertjes, Star Wars 
marathons, logeerpartijen, festivals en hardsloopsessies waren altijd heel gezellig even als 
alle gesprekken tijdens deze activiteiten. Ik denk altijd even aan jou als ik panterprint draag. 
Marco, ik vind het supertof dat het gelukt is om samen te promoveren! En ik weet zeker 
dat ons feest geweldig is (met of zonder mechanische stier/ballonnenclown/optreden van 
Die Antwoord). Bedankt voor alle interessante discussies, zowel over statistiek als over 
maatschappelijke zaken. Jan Willem, prettig dat je af en toe in team nuance ging zitten. Ik 
vond het altijd erg gezellig met jou in de trein en in het lab en in de kas. Jouw commentaar 
hielp vaak om alles weer even in perspectief te zien. Nils, fijn dat je altijd in bent voor een 
praatje en mentale steun, we moeten nog steeds een keer een pub quiz winnen! Valerie, 
onesie-buddy, jij brengt altijd leven in de brouwerij en ik hoop dat we nog lang samen naar 
Down the Rabbit Hole gaan! Annieke, bedankt voor alle vrijdagmiddagborrels. Sarah Fay, 
gesprekken over films en series zijn nooit saai en jij bent altijd op de hoogte van de nieuwste 
releases. Onno, bedankt voor je gezelligheid en rupsen tips in de kas en daarbuiten! Caspar, 
bedankt dat je me bent komen ophalen in de Ooijpolder, je geduld en behulpzaamheid. Bart 
en ome Herman bedankt voor de lunchwandelingen en fijne gesprekken. Bart, bedankt dat 
je mij de muziek liet kiezen naar Binn en natuurlijk dat je ons hebt meegenomen Down the 
Rabbit Hole. Chantal, bedankt voor het leuke eerste jaar! Francesco, grazie per il vostro aiuto 
e sostegno in principio ed è ancora! Ralf, jouw vrolijke uitstraling werkt aanstekelijk! Ralph, 
lees eens door! Ook veel dank aan Anne, Dina, Qian, Yingying, Natan, Nathan, Ernandes, 
Eva, Marlous en Isabella voor alle gezelligheid aan de koffietafel/borrel/etentjes en alles! 
Jurrien, fijn dat ik jou kon helpen met je planten en jij mij met de rupsen, als ik iets te 
determineren heb dan weet ik je te vinden! Pieter, bedankt voor je gezelschap en natuurlijk 
voor alle afleveringen!
Eric, ik ben nog steeds heel blij dat er een plekje vrij was naar Binn en dat ik die kon 
opvullen! Ik ga de volgende keer heel graag nog een keer mee! Ook bedankt voor je advies 
en vertrouwen. 
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Eelke, bedankt voor alle statistiek advies en hulp, maar you can learn all the math in the 
‘Verse, but you take a boat in the air that you don’t love, she’ll shake you off just as sure as 
the turning of the worlds. 
Heidi bedankt dat ik het meeste van mijn schrijfwerk bij jou in de kamer kon doen! José 
A, José B en Peter van harte bedankt voor het verstrekken van randvoorwaarden zowel 
in de vorm van pennen alsmede in de vorm van steun en een luisterend oor. Alle andere 
ecologen Sarian, Tjisse, Wilco, Leon, Leon, Jeroen, Christian, Ankie, Dries, Germa, Monique, 
Marij ook heel erg bedankt voor de gezelligheid, advies en het niet uit het ook verliezen van 
wetenschap bij de koffietafel, vrijdagmiddagborrels, tijdens uitjes en activiteiten.
Ik prijs mezelf ook gelukkig met veel vrienden die altijd aan de zijlijn stonden met hun 
interesse in mijn onderzoek maar ook met gewoon heel veel leuke dingen! 
Mijn biobuddies, Gijs, Gerard, Mark, Geert en Jeroen bedankt voor jullie hilarische en 
ontzettend zure commentaar op alles, jullie zorgen ervoor dat ik stevig (te stevig) met beide 
benen op de grond blijf. Bij jullie kan ik gewoon een zure zeurende Zaanse zijn. Ik mis onze 
dagelijkse koffie-lunch-rook-pauzes op de VU nog steeds. Als ik jullie (vooral Gerard) weer 
zie overigens totaal niet meer! Toch hoop ik jullie nog heel lang te blijven zien.
Jeroen bedankt voor de voorkant van mijn boekje en dat je nog elk jaar met ons mee gaat 
naar de kerstmarkt! Ik kijk er nu al naar uit.
Oscar, al vanaf dat ik je zag zitten op de eerste dag van de introductieweek wist ik dat jij 
1000% een bioloog bent! Je hebt dit lang proberen te ontkennen maar inmiddels heb je het 
gelukkig maar geaccepteerd. Ik kijk nog met veel plezier terug aan onze 2 weken Schier en 
als er iemand is die professor wordt dan ben jij het! 
Esther, tijdens het werk bij het studiesecretariaat hebben we elkaar echt leren kennen. Ik 
ben dol op je directheid en hoop jou en Liam gauw op te kunnen komen zoeken in San 
Francisco! 
Spelletjes-met-Kerst is inmiddels een echte traditie geworden waarvan ik hoop dat we er 
nog lang mee door gaan! Karel, ik vind het zo leuk dat je altijd in bent voor alles wat voedsel 
en drank gerelateerd is. Jurre, bedankt voor alle gezelligheid, en alle spelletjes-middagen/
avonden. Robin en Evelien, veel succes met jullie Deventer avontuur! Gelukkig is dat niet zo 
ver van Utrecht. Natuurlijk ook de Kopenhagen-gang, waar Thomas en ik de sinds afgelopen 
5 jaar minstens 1x per jaar proberen te komen. Ondanks dat zijn we nog nooit in Tivoli 
geweest! Felix, als eerste geo die ik leerde kennen op een donderdagborrel zijn we al heel 
lang bevriend! Ik heb er vertrouwen in dat waar ook ter wereld wij of jij en Juli (en Hailey) je 
bevinden dat we elkaar blijven opzoeken. Quinten, Zuid-Afrika is een stukje verder weg dan 
Denemarken maar gelukkig blijf je daar ook minder lang. We voelen ons altijd welkom bij 
de familie van der Meer! Veel dank ook aan Philip en Pepijn voor het surrogaat-Quintenen. 
Ralph en Manon, de eerste paar keer in Kopenhagen liepen we elkaar steeds mis maar 
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D
ondanks dat heel erg bedankt voor jullie gastvrijheid. Ik kijk uit naar jullie reisverhalen! 
Anouk, Eli en Mirek, uiteindelijk was de enige manier om jullie in Denenmarken te treffen 
een weekendje in een huisje ter ere van de bruiloft van Felix en Juli wat ook supergezellig 
was! Jouke en Nadine, bedankt voor jullie vriendschap en alle gezellige avonden. Jon en 
Marije, jullie zijn altijd van harte welkom om met de katten te komen knuffelen. Arjen en 
Alex, bij deze!
Margreet, ik kijk heel erg uit naar jouw boekje. Je bent zo goed bezig, ik ben trots op je.
Een hele welkome afwisseling zijn ook weekendjes collectief ten onder gaan, bedankt Fenna, 
Jos, Anna, Sander, Robert en Jose voor een complete festivalervaring! 
In mijn ontwikkeling tot echte bioloog heeft ook mijn familie een grote rol gespeeld. 
Allereerst al mijn grootouders, ik weet zeker dat jullie allemaal erg trots op me zijn, is het 
kleindochter van een hovenier er toch nog een beetje uit gekomen. Opa en Oma Klitsie 
bedankt dat jullie deur altijd open stond, als ik door de Peperstraat loop heb ik nog steeds 
de neiging om bij jullie aan te bellen voor een bakkie!
Oma Ricky, bedankt voor al je lieve woorden en al het meeleven! Ik prijs me gelukkig met 
een oma zoals jij. 
Ad en Yolanda, Eva en Bob, Geert en Syl, bedankt voor alle interesse in mijn onderzoek en 
het meeleven! 
Inge en Moniek, natuurlijk staan jullie bij familie, jullie zijn mijn niet-biologische zussen en ik 
ben heel trots en blij met jullie aan mijn zijde vroeger, nu en in de toekomst. 
Noor, natuurlijk kan ik jou ook niet vergeten! Ik ben supertrots op jou dat jij strakst doctor 
EN dokter Groot bent en ben blij dat we zo dicht bij elkaar wonen. Heel veel liefs aan jou en 
Joren. 
Thijs en Renée, ik kan wel stellen dat ik zonder jullie niet zover was gekomen. Bedankt dat 
jullie altijd trots op me zijn en me altijd hebben gesteund met mijn gekke projectjes en de 
keuzes die ik heb gemaakt. Ik vind het verdrietig dat Anja dit niet kon meemaken, maar met 
en dankzij jullie zijn Noor en ik nooit iets tekort gekomen.
Tot slot wil ik graag jou, Thomas bedanken voor al je steun en liefde tijdens mijn promotie, 
de jaren ervoor en hopelijk nog heel veel jaren hierna. Er is niemand zoals jij bent voor mij. 
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ABOUT MAARTJE
Maartje Groot was born in Alkmaar, the Netherlands on July 10, 1985. She was always working 
on small projects, whether it was hatching tadpoles or making yoghurt on the counter. After 
graduating high school (Zaanlands Lyceum, Zaandam) she started studying Biology at the 
VU University, Amsterdam. Already during her first year Maartje became an active member 
in Gyrinus natans, the study association, and participated in several commissions. She also 
became a member of the daily board in 2006/2007. After obtaining her BSc degree in 2008 
she continued with the MSc Ecology program also at the VU University. 
During her studies Maartje learned that she liked doing fieldwork, but only during nice 
weather, and that she loved doing lab work more. Especially when everything was neatly 
put into an Eppendorf tube. 
After finishing her Master’s degree in 2010 Maartje worked for 6 months at the education 
office of the Faculty of Earth and Life Science. After that period, she had planned to spend 
two months in Denmark studying thermal adaptation in ectotherms with an exchange grand 
from the European Science Foundation. However, in the end she was unable to accept the 
grant because she had the opportunity to start a PhD project at the Radboud University in 
Nijmegen supervised by dr. Joop Ouborg, dr. Philippine Vergeer (Wageningen University), 
dr Koen Verhoeven (NIOO-KNAW) and prof. dr. Hans de Kroon. This PhD project focused 
on epigenetic variation and adaptation in two plant species, Scabiosa columbaria and 
Arabidopsis thaliana and was part of EpiCOL from the ESF-Eurocores program EuroEEFG. 
Lab work as well as experiments in climate chambers, greenhouse and the field were part of 
her research. Maartje supervised several BSc and MSc students during their internships and 
was involved in BSc and MSc level courses, including a field course to the Swiss Alps. She also 
presented her work on several national and international conferences.
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